Proteomics : a tool for understanding adaptation in environmentally significant microorganisms. by Pandhal, Jagroop
The 
University 
Of 
Sheffield. 
Proteomics: A tool for 
understanding adaptation in 
environmentally significant 
. . 
microorganisms 
lagroop Pandhal 
Thesis submitted for the degree of Doctor of Philosophy (PhD) 
Biological and Environmental Systems Group 
Department of Chemical and Process Engineering 
University of Sheffield 
June 2008 
Declaration 
This is a declaration to state that this thesis is an account of the author's work which 
was conducted at the University Of Sheffield, U.K. This work has not been 
submitted for any other degree or qualification. 
2. 
Acknowledgements 
To be given the opportunity to conduct research in an area you are passionate about 
. is a fantastic gift, and for this I thank my sponsors EPSRC and supervisor Dr. 
Catherine Biggs. I would also like to thank Dr. Biggs and my second supervisor, 
Professor Phillip Wright, for all their support and guidance throughout the three 
years. 
My parents have always supported me in my sometimes endless mission to pursue a 
science-based career, and I thank them deeply for their patience, love and trust. 
I would also like to thank my research group, and in particular, Ow Saw Yen, James 
Williamson and Mark Scaife, without who the long days in the laboratory and 
office would have certainly been less exciting, and I thoroughly enjoyed our 
scientific discussions, debates and arguments. 
Special thanks must also be given to Chee Sian Oan, for his generosity, time and 
advice, and Martin Barrios-Llerena for his technical help, particularly when I was 
battling with the mass spectrometer. I also extend my gratitude to Dr. Alireza Fazeli 
for his guidance during my real-time PCR experiments, Bashir Ashhuby for the 
provision of Euhalothece cells and Agilent for the use of their equipment for the 
iTRAQ study in Chapter 3. 
It is rarely feasible to achieve something great without the help of someone special 
throughout the journey, and therefore my very heartfelt thanks go to Emma 
Reynolds. For all those times when the stress was immense, workload 
overwhelming and when I needed inspiration during difficult times. I would never 
have got this far without her love and support, nice one Em. 
3 
List of Publications 
Journal papers 
• Pandhal J., Snijders A.P.L., Wright P.C. Biggs C.A. (2008) "A cross-species 
quantitative proteomic study of salt adaptation in a halotolerant environmental 
isolate using ISN Metabolic Labelling." Proteomics 8 (11): 2266-84. 
• Pandhal J., Wright P.C. Biggs C.A. (2008) "Proteomics with a pinch of salt: a 
cyanobacteria perspective." Saline Systems 4 (1) 
• Pandhal, J., Wright, P.C., and Biggs, C.A. (2007) "A quantitative proteomic 
analysis of light adaptation in a globally significant marine cyanobacterium 
Prochlorococcus marinus MED4." Journal of Proteome Research., 6 (3): 996 -
1005. 
Conferences 
• "Proteomics: A tool for understanding adaptation in halotolerant organisms and 
halophiles" Presented at Halophiles, Colchester, UK 2nd_6th September 2007. 
(Oral Presentation) 
• "Understanding the salt response In Euhalothece, a halotolerant 
cyanobacterium." British Society for Proteome Research (BSPR), Cambridge, 
UK, 1O_13th July 2006. (Poster presentation) 
• "A quantitative proteomic study of the salt response in an unsequenced 
extremophile using in vivo metabolic labelling." American Society of 
Microbiology 106th General Meeting, Orlando, USA 21 st_2Sth May 2006. 
(Poster presentation) 
• "A quantitative proteomic analysis of environmental adaptation in a globally 
significant marine cyanobacterium." American Society of Microbiology J06th 
General Meeting, Orlando, USA 21 st_2Sth May 2006. (Poster presentation) 
4 
Contents 
Chapter 1: Introduction and Hypothesis Statement .................................................. 1 2 
1.1 Introduction .................................................................................................... 13 
1.2 Microbial ecology with proteomics ................................................................ 13 
1.3 Environments and related organisms .............................................................. 15 
1.3.1 Adaptation to salt ..................................................................................... 15 
1.3.2 Adaptation to light ................................................................................... 17 
1.4 Aims and scope ............................................................................................... 17 
1.5 Thesis Outline ................................................................................................. 19 
Chapter 2: General Background and Review .......................................................... 22 
2.1 Introduction .................................................................................................... 23 
2.2 Proteomics ...................................................................................................... 24 
2.2.1 2DE .......................................................................................................... 28 
2.2.2 Shotgun methods ..................................................................................... 30 
2.2.3 Mass spectrometry (MS) ......................................................................... 34 
2.2.4 Interpretation ofMS data ......................................................................... 34 
2.2.5 Cross-species proteomics ........................................................................ 36 
2.2.6 Incorporating transcriptomics .................................................................. 38 
2.3 Cyanobacteria general background ................................................................ 39 
2.4 Cyanobacteria in this study ............................................................................ 41 
2.5 Cyanobacteria and salt. ................................................................................... 43 
2.5.1 Detrimental effects of salt ....................................................................... 45 
2.5.2 Responses to salt stress ............................................................................ 45 
2.5.3 Proteomics of salt stress .......................................................................... 55 
2.5.4 Cross-species proteomics of salt tolerance .............................................. 63 
2.6 Cyanobacteria and light .................................................................................. 64 
2.6.1 Responses to light stress .......................................................................... 65 
2.6.2 Proteomics of light stress ......................................................................... 69 
2.6.3 Prochlorococcus marinus ........................................................................ 69 
2.7 Conclusions .................................................................................................... 71 
Chapter 3: The Synechocystis response to high salt using high-throughput 
proteomics with quantitative real-time PCR ............................................................ 72 
3.1 Introduction .................................................................................................... 73 
3.2 Material and methods ..................................................................................... 75 
3.2.1 Culturing and cell preparation ................................................................. 75 
3.2.2 Protein extraction and iTRAQ ................................................................. 75 
3.2.3 Fractionation by SCX HPLC ................................................................... 77 
3.2.4 LC-MSIMS analysis ................................................................................ 78 
3.2.5 iTRAQ data analysis ................................................................................ 79 
3.2.6 RNA extraction ........................................................................................ 80 
3.2.7 DNase treatment, RNA quantitation and quality check .......................... 81 
3.2.8 cDNA synthesis ....................................................................................... 82 
3.2.9 Primer design and RT-qPCR ................................................................... 83 
3.3 Results and discussion .................................................................................... 85 
3.3.1 Protein data analysis ................................................................................ 86 
3.3.2 Cellular adaptations through protein expression ..................................... 89 
3.3.3 Salt response at the gene leveL ............................................................. 107 
3.3.4 Discrepancies between gene and protein data ....................................... 118 
3.4 Conclusions and implications for further chapters ....................................... 120 
5 
Chapter 4: Adaptation ofunsequenced Euhalothece to varying salt concentrations 
................................................................................................................................ 122 
4.1 Introduction .................................................................................................. 123 
PART A .............................................................................................................. 125 
4.2 Materials and methods .................................................................................. 12 5 
4.2.1 Culture conditions and cell growth ........................................................ 125 
4.2.2 Overview of proteomic workflow ......................................................... 126 
4.2.3 Cell harvesting, protein extraction and quantitation .............................. 129 
4.2.4 2DE and initial quantitation ................................................................... 129 
4.2.5 Protein isolation and identification ........................................................ 131 
4.2.6 MS quantitation and identification confirmation .................................. 132 
4.2.7 Protein data analysis .............................................................................. 132 
4.2.8 DNA extraction, PCR studies and 16S rRNA phylogenetic tree 
construction .................................................................................................... 133 
4.3 Results and discussion .................................................................................. 134 
4.3.1 Growth studies ....................................................................................... 1 34 
4.3.2 Initial quantitation (pre-screening using 2DE) and variation of2DE data 
................................... ' ..................................................................................... 139 
4.3.3 Desalting samples for 2DE .................................................................... 142 
4.3.4 Protein identification ............................................................................. 145 
4.3.5 Verification of protein identification ..................................................... 147 
4.3.6 MS-quantitation using isotopes ............................................................. 150 
4.3.7 Variation and normalisation ofMS data ............................................... 151 
4.3.8 Comparison of2DE densitometry and MS data .................................... 154 
4.3.9 Differentially-expressed proteins in salt acclimation ............................ 157 
4.4 Concluding remarks for Part A ..................................................................... 163 
PART B .............................................................................................................. 165 
4.5 Introduction to Part B ................................................................................... 165 
4.6 Materials and methods .................................................................................. 166 
4.6.1 Culture conditions and cell growth ........................................................ 166 
4.6.2 Cell harvesting, protein extraction and quantitation .............................. 166 
4.6.3 SDS-PAGE ............................................................................................ 166 
4.6.4 Protein identification ............................................................................. 167 
4.7 Results and discussion .................................................................................. 168 
4.7.1 Growth data ........................................................................................... 168 
4.7.2 Protein identification and characterisation ............................................ 168 
4.7.3 Identification confirmation with MS BLAST ....................................... 171 
4.7.4 Variation and normalisation ofMS data ............................................... 171 
4.7.5 Differentially-expressed proteins in salt acclimation ............................ 172 
4.7.6 Adaptation to 0% salt from 3% salt.. ..................................................... 174 
4.7.7 Possible mechanisms for adaptation to non-saline conditions .............. 176 
4.7.8 Adaptation to 3% from 0% salt ............................................................. 180 
4.7.9 Adaptation to 6% salt from 3% salt ....................................................... 184 
4.7.10 Adaptation to 9% salt from 3% salt ..................................................... 187 
4.8 Conclusions to Part B ................................................................................... 191 
4.9 Comparisons of data sets in Part A and B, and concluding remarks ............ 192 
Chapter 5: A comparative proteomics study of salt tolerance between a non-
sequenced extremely halotolerant cyanobacterium and its freshwater relative using 
in vivo metabolic and in vitro isobaric labelling .................................................... 194 
5.1 Introduction .................................. : ............................................................... 195 
6 
5.2 Methods and materials .................................................................................. 197 
5.2.1 Cell culture preparations and growth .................................................... 198 
5.2.2 Protein preparation ................................................................................ 199 
5.2.3 Protein fractionation .............................................................................. 199 
5.2.4 Protein identification with peptide fractions from SDS-PAGE ............ 200 
5.2.5 Protein quantitation using MSQuant ..................................................... 200 
5.2.6 iTRAQ labelling and peptide fractionation ........................................... 201 
5.2.7 Protein identification and data analysis using iTRAQ .......................... 201 
5.3 Results and discussion .................................................................................. 203 
5.3.1 Growth analysis ...................................................................................... 203 
5.3.2 Metabolic labelling data analysis .......................................................... 205 
5.3.3 iTRAQ data analysis .............................................................................. 207 
5.3.4 Protein abundance differences ............................................................... 208 
5.3.5 Comparison of metabolic labelling and iTRAQ findings ...................... 213 
5.4 Concluding remarks ...................................................................................... 215 
Chapter 6: Proteome characterisation of the globally significant marine 
cyanobacterium, Prochlorococcus marin us MED4, and analysis of adaptation to 
light ......................................................................................................................... 217 
6.1 Introduction .................................................................................................. 218 
6.2 Material and methods ................................................................................... 220 
6.2.1 Culture conditions and cell growth ........................................................ 220 
6.2.2 Seawater comparison ............................................................................. 221 
6.2.3 Protein extraction and iTRAQ ............................................................... 221 
6.2.4 SCX fractionation .................................................................................. 222 
6.2.5 Mass spectrometry and protein identification ....................................... 223 
6.2.6 Protein data analysis .............................................................................. 224 
6.3 Results and discussion .................................................................................. 224 
6.3.1 Growth studies ....................................................................................... 224 
6.3.2 Overview and characterisation of proteome .......................................... 225 
6.3.3 Technical variation and false positive rate ............................................ 230 
6.3.4 Differentially regulated proteins ............................................................ 231 
6.4 Conclusions .................................................................................................. 240 
Chapter 7: Conclusions and Future Work .............................................................. 243 
7.1 Proteomics methodology .............................................................................. 244 
7.1.1 Protein fractionation .............................................................................. 244 
7.1.2 Differential protein expression threshold .............................................. 245 
7.1.3 Proteomics of an unsequenced environmental isolate ........................... 246 
7.1.4 A fast and efficient 2DE methodology .................................................. 246 
7.1.5 Transcriptomics ..................................................................................... 246 
7.2 Adaptation discoveries ................................................................................. 246 
7.2.1 Synechocystis and adaptation to salt. ..................................................... 247 
7.2.2 Euhalothece and adaptation to salt. ....................................................... 248 
7.2.3 Synechocystis vs. Euhalothece (adaptation to salt) ............................... 249 
7.2.4 Prochlorococcus and adaptation to high light ....................................... 249 
7.3 Future directions ........................................................................................... 249 
7.3.1 Cellular mechanisms for further research .............................................. 249 
7.3.2 Proteome coverage ................................................................................ 251 
7.3.3 Post-translational modifications (PTM's) ............................................. 251 
7.3.4 Bioinformatics recommendations .......................................................... 251 
7.3.5 Systems biology ..................................................................................... 253 
7 
References ............................................................................................................ .. 254 
Appendices ............................................................................................................. 277 
8 
1DE 
2DE 
AB 
ABC 
AQUA 
ATP 
BC 
BLAST 
bp 
cDNA 
CHAPS 
chi 
CHO 
CID 
COG's 
cps 
CV 
Da 
DIGE 
on 
em PAl 
ESI-qQ-TOF-
MS/MS 
GG 
GOLD 
HL 
HLiP 
HPLC 
iCAT 
ICP-MS 
IDA 
IEF 
IPG 
iTRAQ 
JGI 
KEGG 
LC 
LL 
M 
m/z 
MALDI 
min 
ml 
ML 
MMTS 
mM 
MOPS 
MS 
MS/MS 
Mw 
NCBI 
00 
Abbreviations 
one-dimensional electrophoresis 
two-dimensional electrophoresis 
Applied Biosystems 
ATP-binding cassette 
absolute quantitation 
adenosine triphosphate 
before christ 
Basic Local Alignment Search Tool 
base pairs 
complementary DNA 
3-(3-cholamidopropyl)dimethylamonio )-1-propanesulfonate 
chlorophyll 
carbohydrate 
collision induced dissociation 
Clusters of Orthologous Groups 
counts per second 
coefficient of variation 
Dalton 
difference gel electrophoresis 
dithiothreitol 
exponentially modified protein abundance index 
electrospray ionisation quadrupole time-of-flight tandem mass 
spectrometer 
glucosylglycerol 
Genomes Online Database 
high light 
high-light inducible protein 
high performance liquid chromatography 
isotope coded affinity tags 
inductively coupled plasma mass spectrometry 
information dependent acquisition 
isoelectric focusing 
immobilised pH gradient 
isobaric tags for relative and absolute quantitation 
Joint Genome Institute 
Kyoto Encyclopedia of Genes and Genomes 
liquid chromatography 
low light 
molar 
mass Icharge 
matrix-assisted laser desorption ionisation 
minute 
millilitres 
medium light 
methyl methanethiosulphonate 
millimolar 
3-(N-morpholino)propane sulfonic acid 
mass spectrometry 
tandem mass spectrometry 
molecular weight 
National Centre for Biotechnology Information 
optical density 
9 
ORF 
PAGE 
PAl 
PCC 
PCR 
pi 
PIC 
PMF 
ppm 
PPP 
PSI 
PSII 
PTM 
PVPP 
rf 
ROS 
RP 
rpm 
RT-qPCR 
RuBisCO 
RV 
SCX 
SO 
SOS 
SEC 
SEM 
SILAC 
TAE 
TCA 
TEAB 
TEM 
TEMEO 
Tris 
UV 
vlv 
w/v 
wmv 
open reading frame 
polyacrylamide gel electrophoresis 
protein abundance index 
Pasteur Culture Collection 
polymerase chain reaction 
isoelectric point 
protease inhibitor cocktail 
peptide mass fingerprinting 
parts per million 
pentose phosphate pathway 
photosystem I 
photosystem II 
post-translational modification 
polyvinyl polypyrrolidone 
radio frequency 
reactive oxygen species 
reverse phase 
revolutions per minute 
real-time quantitative polymerase chain reaction 
ribulose-1,5-bisphosphate carboxylase/oxygenase 
relative variance 
strong cation exchange 
standard deviation 
sodium doecyl sulphate 
size exclusion chromatography 
scanning electron microscope 
stable isotopes labelling with amino acids in cell culture 
tris acetate ethylenediaminetetraacetic acid 
trichloroacetic acid 
triethylammonium bicarbonate 
transmission electron microscope 
N'N'N'N'-tetramethylethylenediamine 
tris(hydroxymethyl)aminomethane 
ultraviolet 
volume per volume 
. weight per volume 
world wide web 
10 
Summary 
Understanding how microorganisms adapt to adverse environments is beneficial for 
a variety of reasons depending on the conditions under investigation. In this thesis, 
the ancient life forms, cyanobacteria, form the basis of the research. Research into 
salt tolerance is useful because agricultural practices are leading to increasing soil 
salinity, which prevent growth of susceptible crop species. In addition, elucidating 
adaptive mechanisms in possibly Earth's most abundant photosynthetic 
microorganism is important, due to its significant role in nutrient cycling and 
climate control. Proteins are synthesised in cells in response to environmental 
perturbations and are therefore essential for adaptation, and in this thesis proteomics 
is the principal method applied. Less pronounced protein expression changes are 
characteristic of long-term adaptive responses as opposed to immediate shock 
responses, and therefore techniques were developed and applied which could 
quantify with high accuracy (25 to 50% changes). Interpreting these changes into 
biological function required analysis of a sufficient fraction of the proteome, which 
was achieved through a variety of protein and peptide fractionation techniques. 
Protein separation through traditional 2DE was also optimised to overcome the 
detrimental effects of salt. These methods were applied to a well-studied model 
cyanobacterium, Synechocystis sp. PCC6803, which allowed a comparison to be 
made with present knowledge. Subsequently, an approach to investigate the 
unsequenced cyanobacterium, Euhalothece sp. BAAOO 1, was developed and 
revealed an unusual response to low salt. A direct comparison of these two 
cyanobacteria was then made relying on their high degree of proteome homology, 
which highlighted their shared and contrasting tolerance mechanisms. Finally, the 
methods were extended to characterise the proteome of Prochlorococcus marin us 
MED4, and increase our understanding of adaptation to varying light intensities 
characteristic of its oceanic niche. 
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Chapter 1: Introduction and Hypothesis 
Statement 
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1.1 Introduction 
This introductory chapter gives a general background to the research described in 
this thesis and how the findings will contribute to a wider setting. It describes the 
ultimate goal of the research and states the specific objectives which need to be 
addressed in order to achieve this. By defining the scope of the research and an 
outline of the approach implemented, the manner in which the aims are achieved is 
described. Finally, a summary of the contents in each chapter, and how they fit 
together, is presented. 
1.2 Microbial ecology with proteomics 
When attempting to increase our understanding of environmental factors which 
impact on human life, investigating microorganisms which live in such 
surroundings can be particularly fruitful. Microorganisms often play vital roles in 
the complex interactions which govern the state of an environment, and this 
relationship is investigated in the field of microbial ecology (or environmental 
microbiology). Environments, which we perceive to be intolerable, are mostly 
characterised by low species diversity and dominated by microorganisms, described 
as extremophiles [1]. 
The principal step in a traditional microbial ecology workflow, where the aim is to 
investigate survival strategies, is to undertake growth studies. Generating pure 
cultures presents the first challenge, and necessitates a certain degree of imitation of 
the natural environment, for example, in terms of nutrient content. Further 
microbiological studies (including characterisation based on morphology, size etc) 
as well as biochemical studies are further complemented by functional genomics 
approaches. Discovering which genes play roles in essential cellular processes 
through techniques such as gene deletions, expression profiling, genome-wide 
microarrays and systematic genetics, have provided valuable insights into how 
microorganisms adapt to their natural environments [2-4]. However, in this post-
genomic era, the relatively new field of proteomics has presented a new series of 
opportunities to uncover underlying mechanisms of survival. Proteomics can be 
considered as a branch of molecular biology, where the focus is shifted to proteins 
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encoded by the genome, including analysis of protein expression, localisation, and 
function [5]. By concentrating on the proteins which are synthesised, the major 
functional entities of living cells are under investigation. Figure 1.1 shows how 
incorporating global proteomics into a traditional microbial ecology workflow to 
understand environmental adaptation in organisms, can reveal areas for more 
directed research using functional genomics or further functional proteomics 
approaches. 
Isolate microorganism of interest from environment 
n 
a:~ 
, If ' 
~" 
Dilution series, 
agar plate streaking 
Pure culture in laboratory 
n 
16S rRNA identification 
Growth studies 
Morphology 
Characterisation 
D 
Identify which gene 
products are important 
Global proteome differential expression analysis 
I \ 
Functional genomics 
e.g. directed mutagenesis, 
gene knockouts. 
Functional proteomics 
e.g. protein-protein interaction 
networks, biochemical pathways, 
post-translational modifications. 
Figure 1.1: A microbial ecology experimental overview of studying environmental 
adaptation in organisms, with the incorporation of global proteomics. 
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In this thesis, proteomics will be used to investigate environmental adaptation in 
three species of cyanobacteria. The strength of this field in uncovering adaptive 
mechanisms as well as highlighting areas for further research will be demonstrated. 
1.3 Environments and related organisms 
Two environmental factors are under investigation in this thesis, salinity and light, 
using three biological systems. Studying the proteome in these organisms requires 
similar as well as different approaches. This is due to protein identification issues, 
nature of cell culturing and growth conditions applied. Consequently, the work 
described in this thesis uses proteomics to increase overall knowledge of cellular 
and molecular mechanisms in different conditions and biological systems. 
1.3.1 Adaptation to salt 
Understanding the response of organisms to a saline environment is important from 
several perspectives, including food spoilage [6] and agricultural problems [7], and 
in this thesis the latter forms the basis of the research. Salt overloading in soils is a 
global problem. Exacerbated by current agricultural processes, the ecological risks 
associated with elevated salt concentrations are predicted to worsen during this 
century [7-9]. Understanding how crop plants are affected by high salt conditions is 
therefore an extremely favourable goal. There are a diverse array of studies making 
direct use of higher plants which are aimed at understanding how they are 
susceptible to these adverse conditions, and how several species have developed 
salt tolerance mechanisms [10-14]. However, working directly with plants has 
disadvantages, including high cost of goods, long life cycle generation times and 
limited control over genetic manipulations. Therefore, the close relationship 
between photosynthetic prokaryotes, cyanobacteria, and plant chloroplasts has been 
exploited, with the model organism Synechocystis sp. PCC6803 (henceforth 
referred to as Synechocystis unless otherwise stated) dominating this area of 
interest. 
In the main part of the thesis, the close relationship between cyanobacteria and 
higher plants is exploited by investigating the salt response, in two contrasting 
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species, using a proteomics approach. Proteomic techniques were recently applied 
to the model cyanobacterium Synechocystis and have resulted in many interesting 
findings (as reviewed in Chapter 2 and experimentally tested in Chapter 3). 
However, the strength of proteomics to reveal adaptation mechanisms has been 
limited to only semi-quantitative methods, and protein fractionation techniques 
which do not present a global picture of the proteome. Whilst generating useful 
information, conclusions are very preliminary in nature due to the relatively few 
proteins identified which are involved in specific metabolic processes, for example, 
generating reductive power through the pentose phosphate pathway (PPP). In order 
to address these limitations, advances in proteomic methodologies and tools are put 
into practice to increase the global understanding of the salt response in this model 
organism, whilst concentrating on adaptation rather than immediate shock 
responses. 
The development and application of different but complementary proteomics tools 
will subsequently be used to understand the salt response in a more challenging 
system, an unsequenced environmental isolate, which is likely to harbour 
alternative but equally important adaptive mechanisms. In conjunction, an 
assessment of the strength of these techniques to elucidate environmental adaptation 
will be made. The isolate used in this study was identified as a cyanobacterium 
belonging to the Halothece cluster, and named Euhalothece sp. BAAOOI 
(henceforth referred to as Euhalothece). Isolated from a salt lake in the Sahara, this 
organism has no sequenced genome and therefore presents a challenge in studying 
its proteome, and together with the detrimental amounts of salt conditions involved, 
makes it a particularly unattractive candidate for this type of analysis. The last 
decade has seen major interest in survival mechanisms of extreme halophiles, which 
require high internal salt concentrations for their metabolism. However, 
Euhalothece is extremely halotolerant, and adapting to such large variances in salt 
concentrations appears to be a much more difficult feat, and therefore represents an 
area which requires further work. 
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1.3.2 Adaptation to light 
Less than 20 years ago, a cyanobacterium, Prochlorococcus marinus, was 
discovered [15]. This marine cyanobacterium was found to be ubiquitous in the 
oceans in the latitude band of 400N to 400S [16]. Its abundance as well as the 
overall size of the ecological niche, have led scientists to believe that it is the most 
abundant photosynthetic organism on earth [16]. In other words, this microbe 
potentially plays more of a significant role in the state of our atmosphere, 
biogeochemical cycles and nutrient cycling than any other living organism. 
Furthermore, its impact on global climate change is extremely relevant in these 
times. Its environment is characterised by very low nutrient levels, relatively high 
water temperatures and starkly varying light availability [16]. Understanding how 
this organism adapts to this environment would be an important step in elucidating 
its overall role in the global processes mentioned above. With rapid advances in 
computer modelling to predict changes in the earth's climate, an understanding of 
the fundamental interactions between these microorganisms and their environment 
is imperative. The genomes of twelve different strains of P. marinus have been 
fully sequenced (January 2008, GOLD version 2.0: 
http://www.genomesonline.orglgold.cgi) [17], making this organism a more 
'suitable' candidate for proteomic studies than Euhalothece. However, difficulties 
associated with culturing this microorganism have' been experienced, and before 
this thesis no previous proteomic studies have been conducted, despite its global 
significance. Therefore, in this thesis, proteomic tools developed and tested in early 
chapters are applied to assist in discovering how this organism has evolved as 
different ecotypes depending on the environment it resides in. 
1.4 Aims and scope 
In this study., global proteomics will be used as a tool to identify and quantitatively 
investigate important proteins, which play a key role in environmental adaptation. 
Subsequently, these findings present areas for further research in complementary 
fields. 
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Specifically, the aims of thesis are to: 
• Implement global proteomic tools which can detect with high confidence. 
proteins differentially expressed by less than 2-fold to uncover 
environmental adaptation mechanisms 
• Survey the proteome of an unsequenced environmental isolate 
• Develop a method to apply two-dimensional electrophoresis (2DE) to high 
salt samples 
• Identify possible strategies as to how Synechocystis adapts to a hypersaline 
environment 
• Identify possible strategies as to how an unsequenced environmental isolate. 
Euhalothece. adapts to large variances in salt concentrations 
• Identify possible strategies as to how Prochlorococcus marinus MED4 
adapts to varying light intensities in an oligotrophic ocean 
The techniques implemented are used to provide a further comparison of adaptive 
mechanisms in evolutionary diverged species, Synechocystis and Euhalothece. 
The intention of this thesis is not to present evidence that proteomics is an exclusive 
field which can potentially reveal all the mechanisms organisms utilise to adapt to 
environmental conditions. Rather it aims to identify parts of the cell machinery at 
the molecular level which play a significant role. Any cell processes which are 
identified can be labelled as networks and these can be categorised as subnetworks 
of a much larger and complex global network, depending on the depth of 
information generated. Whilst the majority of this study is based on protein 
abundance levels, it is useful to bear in mind that some proteins involved in 
adaptive mechanisms can be regulated by an array of native cell control systems, 
including phosphorylations, dephosphorylations, activations, deactivations as well 
as interactions with other proteins and nucleic acids [18]. The role of differential 
expression proteomics [19,20) (applied here) in systems level biology is now being 
realised as an indispensable tool for identifying cellular responses, but its findings 
ultimately need to be combined with associated studies, for example, 
transcriptomics or metabolomics, for a comprehensive and complete understanding 
[21,22]. Therefore any proposed mechanisms of adaptation are compared to current 
knowledge on cell physiology. 
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1.5 Thesis Outline 
An outline of the thesis structure with investigations carried out in the chapters is 
given in Figure 1.2. An overview of each chapter is summarised below. 
Sequenced 
CSynechocystiS ~ C 
Proteomic 
response to high 
salt 
comparison 
Un sequenced Sequenced 
Euhalothece ~ CochlorocoCCJ~ 
Chapter 4 
Proteomic 
response to hig~ 
and low salt 
Proteomic 
response to high 
light 
Figure 1.2: An overview of the format of studies in this thesis. 
Chapter 2 The principal aim of this chapter is to introduce the reasoning behind the 
development of the research hypothesis. This is achieved by presenting the 
background to the main field of proteomics and in particular the techniques which 
can be applied to address the aims stated in section 1.4. An introduction to the three 
organisms is then followed by an up-to-date review of research into the relevant 
environmental perturbations (salt and light stress). 
Chapter 3 The model photosynthetic organism for proteomic studies on salt stress is 
Synechocystis, and it forms the basis of research in this chapter. A global proteome 
survey of how this cyanobacterium adapts to high salt (6% w/v) is given. This 
chapter is presented here because firstly, it highlights the potential of the techniques 
employed, for example, the quantitation accuracy and proteome coverage achieved. 
Secondly, the way in which data is interpreted and related to previous findings is 
revealed, and finally, the benefits and possibilities of applying the field of 
proteomics to answering microbial ecology questions are demonstrated. 
Incorporating quantitative real time polymerase chain reaction (RT-qPCR) here, 
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also gives a perspective on what can be accomplished with differential protein 
abundance analysis. 
Chapter 4 In this chapter, the proteomic response of an unsequenced 
cyanobacterium, Euhalothece, is investigated with regard to salt stress and the 
challenges associated with identifying proteins in an unsequenced organism. The 
experimental study is split into two main sections- Part A: a fast and reliable 
quantitative proteomic method is applied to gain an overview of its response to low 
(0% w/v), medium (3% w/v) and high (6% w/v) salt, and assess the ability to 
identify proteins in this unsequenced organism. In Part 8, the success of Part A was 
built upon, and using similar techniques, a large-scale proteomic analysis of the 
response to low, medium, high as well as very high (9% w/v) salt, is performed. 
The analysis in Part A applies the traditional proteomic technique of 2DE and 
therefore requires optimisation to produce interpretable and reproducible gels. The 
salt removal process to achieve this goal is presented. Finally, an in-depth 
discussion of how Euhalothece adapts to its changing extreme environment is given 
with relation to features which make this organism a potentially novel species in its 
cluster. 
Chapter 5 The last two chapters give an indication of how two evolutionary 
diverged species of cyanobacteria adapt to saline environments and this chapter 
exploits the closeness of their proteome sequences to make a direct comparison of 
protein abundances. Similarities and differences are interpreted with respect to 
protein level responses to salt (0, 3 and 6% w/v NaCI). 
Chapter 6 The development of proteomic techniques throughout the thesis is 
implemented in this chapter to understand how a globally significant marine 
cyanobacterium adapts to its environment, characterised by ever changing light 
intensities. Unlike other chapters, the proteome of this organism will be 
characterised with respect to protein properties and statistics, with particular 
reference to previously published whole proteome descriptions using gel-free 
(shotgun) tools in cyanobacteria Anabaena variabilis ATCC 29413 and 
Synechocystis. 
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Chapter 7 The findings and resulting conclusions in the thesis are summarised here, 
tying together all the studies conducted along with suggestions for future research. 
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Chapter 2: General Background and 
Review 1 
I This work (in part) has been published in Saline Systems (2008), 4: 1 
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2.1 Introduction 
The 'golden era' for microbiology occurred during the end of the 19th century and 
into the 20th century, when research demonstrated that microorganisms had the 
capability to cause disease in humans, plants and animals. It also became apparent 
that microorganisms played an extraordinary role in the environment, dictating 
chemical changes in the atmosphere, soil and water. During this time, a platform 
was established for furthering our understanding of these phenomena, creating 
scientific disciplines such as immunology, genetics and molecular biology, as well 
as branches of microbiology such as food and environmental microbiology. 
Environmental microbiology (also referred to as microbial ecology) is centred on 
understanding environmental microorganisms which play significant roles in human 
affairs. In this thesis, the ancient microbes, cyanobacteria form the basis of the 
research. These fascinating bacteria have an extensive fossil record dating back 2.5 
billion years and are responsible for the very oxygen we breathe today. A recent 
study claimed to have found evidence of cyanobacteria-like creatures as far back as 
3.5 billion years in Archean rocks of Western Australia [23], however, the identity 
of these microorganisms remains somewhat controversial due to poor fossil 
preservation. Through the process of evolution, cyanobacteria have adapted to an 
array of varying environments, some extreme, presenting them as a major source of 
interest in many scientific fields. 
Understanding environmentally significant organisms is not exclusive to the field of 
microbiology, and spans a plethora of subject areas. With the advent of molecular 
biology techniques, initial analysis of microbial morphology and biochemical 
characterisation has been accompanied (rather than superseded) by the study of the 
biology at the molecular level. Genetics is a major component of molecular biology, 
and has allowed in-depth analysis of microorganisms by manipulating the major 
molecular components i.e. DNA and RNA. With the arrival of techniques to 
efficiently unravel the full genetic code of organisms (Sanger's chain termination 
method [24 D, it became possible to extrapolate gene function and the huge amounts 
of genomic information generated has fuelled major advances in understanding 
environmental adaptation. It is now considered relatively routine to screen the 
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expressIon of thousands of genes in one experiment using the DNA chip or 
microarray technique [25]. 
Recently, the importance of studying gene products has been recognized, and 
therefore we are considered to be in the post-genomic era. Looking at global protein 
expression in microorganisms is now a major driving force in the subject 
proteomics. Studying the proteome of environmentally significant microbes 
depends on several factors and perhaps most significantly the availability of its 
genetic code or extent of relatedness (or homology) to sequenced organisms. In this 
chapter, a general background into the field ofproteomics is presented, highlighting 
the implementation of traditional and contemporary tools, and revealing the nature 
in which the resulting data can be used to infer biological adaptations In 
microorganisms. In this study, the application of these tools occurs In 
cyanobacteria, and these fascinating life-forms will be introduced in more detail. 
The three species investigated in this thesis share common traits but also contrast 
vastly, most obviously in adaptive abilities they have acquired to differing 
environments. The problems associated with the varying environmental conditions 
will be discussed from the perpspective of how far our understanding is presently 
placed. Finally, the way in which this study fits into this bigger picture is 
emphasised. 
2.2 Proteomics 
Studying gene products has long accompanied studying actual gene expression 
levels and has been performed using traditional techniques such as immunoblotting 
(western blotting) [26]. However, the main aim of proteomics is to determine gene 
and cellular function by working at the protein level on a global scale [19, 27], and 
has profited from exceptional progress in areas such as genome sequencing, 
bioinformatics and analytical techniques [24, 28,29]. 
The proteome of an organism refers to the total set of proteins encoded by its 
genome (protein-coding genes) [5] and therefore the field of proteomics 
encompasses studying these proteins, specifically the change in abundance in cells, 
tissues and organelles in response to changing environmental factors. The DNA 
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sequence and mRNA levels (transcriptomics) give a sound foundation and valuable 
insight into predicting the workings of an organism, however the functional output 
of cells are the proteins. Furthermore, it has been demonstrated that expression 
patterns between mRNA and proteins levels may not correlate well, indicating gaps 
in our knowledge of how transcription, translation and post-translational 
modifications (PTM's) interact, and ultimately effect protein levels [30]. By 
mapping which proteins interact with each other and which proteins play pivotal 
roles in certain conditions, a more comprehensive understanding of survival traits 
can be achieved. In effect, genomic information can be decoded into a functional 
protein interpretation. The task is not simple, and studies using nuclear magnetic 
resonance imaging have shown that proteins are more active and dynamic than 
initially predicted, adding complexity to understanding where each protein is 
located in a cell, when the protein is present and for how long, and with which other 
proteins it is interacting [31]. 
Overall, proteomics has the capability to reveal information on the level of 
expression of proteins, protein isoforms produced from each gene, the extent to 
which proteins are post-translationally modified and also the cellular and sub-
cellular distribution of proteins. Combining this information with transcriptomic 
and metabolomic (or metabolic flux) data creates a holistic approach to answering 
biological questions, and forms the basis of the experimental component of 
integrative systems biology [21, 32]. Investigating protein expression changes in 
response to external environmental stimuli is particularly useful in understanding 
adaptive mechanisms, a goal achievable by the field of differential expression 
proteomics [20, 27] (Figure 2.1). 
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Figure 2.1: Overview of how microorganisms adapt to changes in environmental 
conditions (condition 1 to condition 2) from the perspective of protein synthesis-
independent and protein synthesis-dependant responses. The field of proteomics is 
mainly concerned with the latter and is highlighted in bold text. 
A proteomics experiment involves collaboration of several techniques in order to 
progress from extracting the proteins and ultimately to their accurate and reliable 
identification and quantitation. Figure 2.2 illustrates the main steps involved with 
two contrasting examples of protein sample fractionation. 
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general proteomic workflow containing main steps, cell culture, 
protein extraction, sample fractionation (traditional 2DE and gel-free 
chromatography method), mass spectrometer analysis and protein quantitation and 
id ntification. Quantitation using 2DE is densitometry-based and implemented with 
appropriat oftware (e.g. PDQUEST®, SanleSpots®), but can also be undertaken 
on th ma p ctrometer. Identification occurs with database search software 
(ba d n peptid mass fingerprinting (PMF) or sequence analysis). Proteins are 
c mmonl dige ted using trypsin. (IEF- isoelectric focusing, HPLC- high 
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performance liquid chromatography, sex- strong cation exchange, 2DE- two-
dimensional electrophoresis). 
Fundamentally, the main driving force for this field has been the progress made in 
mass spectrometry (MS). In the 1990's, during the advent of genome sequencing 
and bioinformatics, the identification of proteins became highly sensitive using this 
instrument. Mass spectrometers are composed of three main parts; an ion source to 
create gaseous phase ionised analytes, a mass analyser which measures the mass-to-
charge ratio (mlz), and a detector which presents the abundance of ions at each mlz 
value [28]. The mass spectrometer used in this research is discussed in more detail 
in section 2.2.3. Its ability to interpret information coded in an organism's genome 
has advanced rapidly due to technical breakthroughs in all three of these parts. Now 
the technique is coupled to cross examination of databases and has become an 
intrinsic part of proteomics research, with high sensitivity and throughput. Proteins 
can be identified by peptide mass fingerprinting (PMF) [33] or tandem MS 
(MSIMS) [28], and together with the technical development of analysis software, 
the identification of proteins has become rapid and highly sensitive [34]. This has 
provided a valuable tool for investigating protein profile changes in microorganisms 
in response to environmental stimuli. With the increasing number of genome 
sequencing projects being undertaken, the opportunity for making greater 
discoveries in the post-genomics field is apparant. 
Before selecting the most applicable proteomic workflow for answering a biological 
question, it is useful to understand the major stages in more 'detail (Figure 2.2). The 
following sections describe sample fractionation using the popular method 2DE, as 
well as more recent non-gel (shotgun) methods. Protein quantitation is tied into 
these sections, as well as advantages, disadvantages and improvements in these 
approaches. An overview of MS and analysis methods for interpretation of the 
generated data is also discussed. 
2.2.12DE 
One of the most commonly implemented methodologies employed in proteomics 
uses traditional 2DE with MS [35]. In general, the workflow involves separating a 
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complex protein sample by isoelectric point (pI) and molecular weight (Mw). 
protein staining and subsequently quantitation is achieved by relative staining 
intensity. The technique has received a revival of late. much due to technical 
developments fuelled by expanding numbers of proteomic studies [36]. Recent 
advances in this technique include the introduction of narrow range and non-linear 
immobilised pH gradient (IPG) strips. which have significantly improved protein 
coverage [37-39]. IPG strips are prepared by co-polymerising acrylamide 
monomers with acrylamide derivatives which contain carboxylic and tertiary amino 
groups [40]. The buffering groups form a fixed pH in the strip. and upon application 
of an electrical current, proteins will migrate to the secti<;m of the strip (PI). where 
their net charge is zero. Therefore narrow range strips. for example. pI 4 to 7. allow 
enhanced protein separation. Automated spot excision systems and mass in-gel 
trypsin digestion techniques have also reduced the arduous nature of preparing 
samples from 2DE gels for MS analysis [41. 42], and software packages such as 
Samespots and Progenesis (Nonlinear Dynamics, Newcastle. U.K.) have enhanced 
gel analysis capabilities. These and additional methods including pre-2DE 
fractionation techniques, have been extensively reviewed [43-47]. Another major 
advantage of2DE is the ability to detect PTM's. for example phosphorylations [48, 
49]. In addition to advances in protein identification and throughput efficiency of 
2DE. quantitation methodology has also improved. Fluorescent and radioactive 
stains can be used prior to protein separation. as well as highly sensitive post 
separation stains, for example, SYPRO ruby, Coomassie and silver stains [50-52]. 
Protein mixtures can now be multiplexed and run on the same gel in a technique 
called differential in-gel electrophoresis (DIGE) [53]. Through the use of multiple 
fluorescent dyes to label protein samples prior to 2DE. the technique allows 
multiple samples to be co-separated and visualized on one single gel. By using 
CyDyes (GE Healthcare, Buckinghamshire, U.K.), not only is the sensitivity and 
reproducibility enhanced, but also an internal standard is included increasing 
statistical confidence. Unlu et al. [53] initially reviewed the sensitivity and 
reproducibility of this method and demonstrated that significant fluorescence 
difference can be reliably detected at nanogram protein levels. 
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Quantitation can also be improved by using in vivo isotope labelling of proteins 
prior to 2DE separation. This method is particularly attractive because the isotope 
label is incorporated into the organisms' proteome, with no physiochemical or 
biological consequences. Potentially all proteins are labelled, and this technique is 
very applicable and compatible with accompanying techniques. The different 
peptide isotopes can be resolved by a mass spectrometer and this is where 
quantitation occurs (based on peptide peak areas) as opposed to staining intensity 
analysis, which is only semi-quantitative, and requires many replicate gels to be run 
for statistical relevance. Methods include stable isotope labelling with amino acids 
in cell culture (SILAe) [54] and elemental labelling [55]. 
There are several drawbacks of 2DE including their laborious nature and lack of 
automation. Proteome coverage is a significant problem and the technique struggles 
to resolve hydrophobic proteins as well as membrane proteins due to their poor 
solubility [56, 57]. It is also difficult to display proteins with extreme pI values and 
detect those of low abundance [47, 58, 59]. In addition, using densitometry-based 
proteomics to assess protein expression changes is only semi-quantitative and 
relatively large variations in replicate data sets mean larger expression changes are 
required for confidently identifying protein level changes, leading to potentially 
higher false negative rates. This also means less significant changes in protein 
expression (<2 fold) may not be detectable, and smaller changes may be expected in 
cells living in an adaptive state compared to short-term shocked state (condition 2 in 
the long-term compared to condition 2 in the short-term in Figure 2.1) [60, 61]. 
2.2.2 Shotgun methods 
The majority of methodological and technical improvements in proteomic 
techniques have focused on shotgun approaches. Analysing complex peptide 
samples in shotgun experiments requires simplification of the mixture prior to MS 
analysis. Reducing complexity of a protein sample prior to MS increases the 
probability of identifying low abundance candidates and leads to higher confidence 
in protein identification. Proteins can be separated by characteristics such as size, 
hydrophobicity or charge, using size exclusion chromatography (SEC) [62], 
reverse-phase (RP) chromatography [63] and weak/strong anion exchange 
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chromatography (WAX/SAX) [64, 65], respectively. To provide peak capacity and 
detection of low abundance proteins, gel-based fractionation techniques have been 
explored as well as various combinations of protein and peptide separation schemes 
such as multi-dimensionalliquid chromatography [66, 67]. An increasingly popular 
combination includes strong cation exchange (SeX) with RP separation [68, 69], as 
well as liquid phase IEF [70] and capillary electrophoresis [71]. A comparative 
study was conducted by Gan et al. [67] using a variety of protein and peptide 
prefractionation methods. A combination of six fractionation workflows employing 
techniques which separate proteins via IEF, I-D PAGE, WAX chromatography as 
well as peptide separation using IEF or sex, all prior to RP multi-dimensional 
liquid chromatography and MS analysis, were compared. Twenty percent of a 
bacterial proteome was reliably identified, and it was concluded that using two or 
more combinations of methods would ultimately increase proteome coverage [67]. 
As mentioned in the previous section, resolving membrane proteins via 2DE 
remains a considerable challenge due to poor solubility. However, strides have been 
made to overcome this limitation, ensuring that an increase in the solubility of 
membrane proteins doesn't compromise compatibility with downstream processes 
[56, 72]. This can be achieved through the use of high percentage organic solvents 
and acids. Moreover, the use of strong zwitterionic and non-ionic detergents have 
been shown to improve the solubilisation of membrane proteins from cyanobacteria 
[73], where 11.8% of total proteins (254) identified using 2DE, were predicted 
membrane proteins. 
In conjunction with technical advances in this area, the need to add a quantitative 
dimension into large-scale proteomic studies has been recognised. The use of stable 
isotopes in shotgun experiments relies on the mass difference separation power of 
mass spectrometers, which are able to distinguish between pairs of chemically 
identical analytes of different isotope composition [74]. The resulting signal 
intensities can be compared between the isotopes and converted into an abundance 
ratio. There are three ways in which isotope tags are added to proteins. In metabolic 
labelling, heavy elements in amino acids or often in salts are added. ISN and l3e 
labelling in salts and in SILAe are popular examples [54, 55, 75]. Potentially all 
peptides can be labelled in this manner and it is the simplest method based on 
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applicability and compatibility with accompanying techniques. Isotope tags can be 
added enzymatically by transferring 180 to peptides from water [76). Finally, 
chemical reactions are used where reagents are tagged to the protein or peptides. 
Examples include isotope coded affinity tags (ICAT) [77, 78], mass coded 
abundance tagging [79], the AQUA strategy [80] and isobaric tags for relative and 
absolute quantitation (iTRAQ) [81-84]. 
The iTRAQ system is implemented in this thesis and has the added advantage of 
allowing up to four (and very recently eight [85]) different conditions to be 
analysed in one experiment. The technique is based upon protein digestion to 
generate peptides, and then chemically tagging the N-terminus of these peptides. 
The labelled samples (two to eight) are then combined, fractionated by nanoLC and 
analysed by MSIMS. A database search of the peptide fragmentation data, results in 
the identification of the labelled peptides, and hence the corresponding proteins. 
Fragmentation of the tag attached to the peptides generates a low molecular mass 
reporter ion, which is unique to the tag used to label each of the digests. By 
measuring the intensity of these reporter ions, the relative quantification of the 
peptides in each digest and hence the proteins from where they originate, is possible 
(Figure 2.3). In Figure 2.3C it can be extrapolated that the peptide labelled with the 
115.1 reporter tag is the least abundant. 
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Figure 2.3: iTRAQ methodology by MS. A) Total ion count (TIC) on ESI MSIMS 
fr map ptid fraction. B) MS/MS fragmentation pattern of peptide which eluted 
after 31.75 minutes. C) Reporter ions (114.1, 115.1, 116.l , 117.1) from iTRAQ 
reagent which are interpreted into relative quantitations. 
A tudy compared quantitation statistics between a standard 2DE experiment to the 
shotgun lab lling method, iTRAQ, using biological and technical replicates [86]. 
They found 95% of quantified protein expression ratios had a coefficient of 
variation ( V) Ie s than 0.81 (81%) and less than 0.53 (53%) using 2DE and 
iTRAQ, re pectively [86]. A more recent study compared improved in-gel methods, 
DI and lea able i otope-coded affinity tags (clCAT) to iTRAQ [87]. A 
c mpari n of quantitation sensitivity found iTRAQ to come on top with DIGE last. 
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Interestingly, limited overlapping of identified proteins using these alternative 
methods illustrated that using alternative methods in a proteomics study has the 
potential to reveal larger data sets (in accordance with pre-fractionation and 
fractionation analysis by Gan et al. [67]). The ability to quantitate with superior 
accuracy improves the possibility of identifying important but subtly differentially 
regulated proteins, a goal in this study (section 1.4). 
2.2.3 Mass spectrometry (MS) 
The common link in all proteomics experiments is the mass spectrometer. It is an 
important tool for protein identification but can also be implemented for 
quantitation. Principally the mass spectrometer measures the mass-to-charge ratio 
of analytes (peptides). Analytes are measured in the gas phase and are ionised most 
popularly by electro spray ionisation (ESI) or matrix-assisted laser-desorption 
ionization time-of-flight mass spectrometry (MALDI-TOF MS) [88, 89]. MALDI-
MS is usually coupled to time-of-flight (TOF) analysers and therefore intact peptide 
masses are measured, and these are subsequently matched to theoretical masses in a 
database to provide protein identification. This procedure is known as PMF. ESI is 
mostly coupled to ion traps, triple quadrupole and quadrupole-TOF instruments, 
which fragment selected precursor ions (peptides) further and generate ion spectra 
[90] (Figure 2.3B). Utilising an array of different algorithms, this information is 
matched against protein sequence databases to provide protein identifications and 
information on peptide sequence is also provided. In this entire study a QStar XL 
Hybrid ESI Quadrupole time-of-flight tandem mass spectrometer, ESI-qQ-TOF-
MSIMS (Applied Biosystems or AB, Framingham, MA; MDS-Sciex, Concord, 
Ontario, Canada) is implemented. Q refers to a mass-resolving quadrupole and q 
refers to an r.f.-only (non-mass filtering) quadrupole. It is coupled with an online 
capillary liquid chromatography system (Famos, Switchos and Ultimate from 
DionexlLC Packings, Amsterdam, The Netherlands). 
2.2.4 Interpretation of MS data 
Presently, a challenge in proteomics is to convert large amounts of collision induced 
dissociation (CID) spectra from MSIMS analysis into confident and reliable peptide 
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identifications, and ultimately protein identifications [91]. In PMF, the generated 
list of experimental peptide masses are compared to the calculated values [33]. 
However, protein identification using peptide CID spectra provides information 
about peptide sequence from the peak pattern in the CID spectrum. In MSIMS, an 
ionised peptide (precursor) is selected' during the first MS applied and then cleaved 
into fragments (products) by collisions with an inert gas (nitrogen) in the second 
MS. The mass to charge ratio of the resulting products is recorded and then matched 
to theoretical information in a database using specific algorithms [92, 93]. The 
product ions produced after fragmentation is dependant on several factors including 
charge state, internal energy and primary structure [94]. The nomenclature of 
fragment ions is based on whether the charge (essential for MS detection) is 
retained on the N-terminal fragment (a, b or c) or C-terminal fragment (x, y or z) 
(see Figure 2.4). 
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Figure 2.4: The types of fragment ions observed in an MSIMS spectrum [95]. 
During the advent of proteomics it was possible to manually verify these peptide 
assignments to spectra as data sets were relatively small. With large data sets this is 
not a facile task, and despite reports of integrated inspection reports [96], the 
problem of false positives is enhanced. To address these issues, filtering criteria are 
often applied based on available data including database search identification scores 
[69, 97]. It has been recommended that proteins must be identified by 2 or more 
unique peptides as part of general guidelines which were introduced recently, and 
are detailed in the Molecular and Cellular Proteomics journal 
(www.mcponline.org). However, if only one peptide can be found, previous studies 
have accepted the identification if at least 2 good quality MSIMS spectra are 
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assigned to it, and the peptide is not shared amongst proteins (they are distinct) 
[84]. 
A variety of database search strategies have been implemented to give an indication 
of false positive rates in large scale proteomic studies including reverse database, 
double database and very recently a target-decoy search strategy [66, 67, 98, 99). 
Whichever filtering criteria are used to identify proteins in LC-MSIMS 
experiments, they have a requirement to be robust and preferably reveal the 
statistical principles which are employed so that identification probabilities are easy 
to estimate [66, 100]. Moreover, properties such as Mw in gel electrophoresis and 
pI in IEF can be used as independent measurements to confirm protein 
identifications. 
2.2.5 Cross-species proteomics 
Proteomics has traditionally appealed to the study of an organism with complete or 
near complete sequencing of its entire nucleotide code, and this is not surprising 
considering the relative simplicity of identifying proteins in these organisms. 
Protein identification becomes more of a challenging issue when working with 
organisms which do not have their genome sequenced. This is an area known as 
cross-species proteomics. This field has not been fully exploited, and is applicable 
to this study where characterisation of environmental adaptation in the unsequenced 
isolate Euhalothece is a major goal [101, 102]. 
Cross-species proteomics is currently being developed, and is at best at an early 
stage [101, 103-106]. The importance of working with unsequenced and 
environmentally isolated organisms in proteomics is only becoming apparent since 
the sheer number and diversity of potentially important microorganisms in the 
environment, compared to commonly studied laboratory isolates, has been realized. 
In general, there are two main approaches to identify proteins from unsequenced 
organisms. Firstly, MSIMS data are searched against the entire protein database of 
sequenced organisms in a conventional way, where the presence of proteins from 
evolutionary closely related organisms are likely to yield identical peptides to the 
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organism in question. Moreover, accompanying the rapid growth in number of fully 
sequenced genomes is the increasing number of protein sequences present in these 
databases. This maximises the chance of identifying proteins from an unsequenced 
organism using this conventional method of protein identification. Conventional 
software, for example Mascot (Matrix Science, London, U.K.) relies on matching of 
tryptic peptides to theoretical peptides present in databases. With increasing 
numbers of sequencing projects for evolutionary distinct organisms, the chance of 
an unsequenced organism producing exactly the same tryptic peptide (ortholog) is 
correspondingly enhanced. Developments in the area of MS and bioinformatics 
have also significantly expanded the applicability of homology-based proteomics 
[101, 102, lOS, 107, 108], where non-identical peptide sequences can be matched to 
those present in databases, and can still yield high confidence protein 
identifications. Mass Spectrometry-driven Basic Local Alignment Search Tool (MS 
BLAST) is a homology-based database search protocol which uses a list of peptide 
sequences generated by de novo interpretation of MSIMS spectra using ProBLAST 
software (dove.embl-heidelberg.de/Blast2/msblast.html) [102]. Interpretation of 
MSIMS spectra involves generating sequence data by measuring mass differences 
between adjacent fragment ion peaks in a major ion series, for example the b-series 
(ions with N-terminus) (refer to Figure 2.4). Significant hits in MS BLAST are 
colour-coded based on a high scoring pairs (HSP's) algorithm. This tool does not 
allow gaps within individual peptides, whereas gaps between peptides can be of 
arbitrary length. The actual peptide list used to search the National Centre for 
Biotechnology Information (NCBI) database is therefore obtained from redundant, 
degenerate and partially inaccurate peptide sequence data, assembled into a single 
random searching sequence [102, lOS]. 
More recently. open source software SPIDER uses an alternative algorithm for 
identification of novel (not derived from sequenced genomes) proteins [109]. 
Collectively. they rely on the interpretation of MSIMS spectra using de novo 
sequencing. a technique which has also advanced with new powerful software [110, 
Ill]. MS-homology also performs homology-based searches [112]. and allows the 
user to select the maximum number of amino acid substitutions permitted per 
sequence. Different peptides from a single protein are added to a list and exact and 
similarity searches are undertaken. This tool also allows mass values to be added 
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for sections of the sequence. F A8T8 is another emerging tool used in cross-species 
proteomics [113]. It searches databases by looking at all possible alternative 
arrangements of peptide sequences, and therefore does not require them to be 
entered in any particular order. Most notably, rather than giving a similarity score to 
matched peptides in databases, an alignment probability is presented. Pevtsov et al. 
[103] recently compared different de novo sequencing software tools which resulted 
in publicly available NovoHMM [114] and PepNovo [115] scoring highest. 
Unfortunately, there are limitations to de novo sequencing methods, including 
incomplete sequence information and neutral losses i.e. loss of a water or an 
ammonia ion [104]. Methods to improve fragmentation during M8 include 
introducing sulfo groups to peptide N-termini to lower amide bond strength [116, 
117]. The implementation of sophisticated automated search algorithms is essential 
for developing more effective tools for high throughput protein identification, and 
this is particularly prominent in unsequenced organisms. It should be noted here, 
that if the organism under study is very distantly related to any organism with a 
sequenced genome, the probability of obtaining a positive protein identification 
decreases [118]. A 168 rRNA comparison is a useful way of predicting whether an 
unsequenced environmental isolate is suitable for a cross-species study. An 
attractive candidate would harbour a similar sequence to a fully sequenced 
organism. A phylogenetic tree is constructed in this study for this purpose (Chapter 
4). Nevertheless, this comparison should be treated with caution, as 168 rRNA 
divergence may not be indicative of proteome homology. 
2.2.6 Incorporating transcriptomics 
Global transcriptomics has advanced rapidly since the development of DNA 
microarrays, or DNA chips, and many studies have utilised this technology to 
understand adaptation of microorganisms to environmental stresses [119-122]. As 
organisms respond to environmental stresses, gene expression profiles give an 
indication of which proteins are required to adapt to the new conditions. However, 
despite being intricately linked, the flow from transcriptome to proteome is not 
straightforward. Understanding a system response demands the uncovering of 
regulatory interactions between transcriptome and proteome, and this requires 
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simultaneous monitoring of both mRNA and protein levels. Recently, interpretation 
of protein expression data with reference to transcript level data has become 
popular [61, 122-126]. The relationship between mRNA and protein expression 
levels for selected genes in the yeast Saccharomyces cerevisiae, were determined 
by Gygi et al. [126]. They concluded that correlation was insufficient to predict 
levels of one characteristic using data from another. Recently, Suzuki et al. [122] 
investigated stress responses using a microarray and 2DE and identified well 
correlated responses (transcriptional control), as well as those which were mainly 
regulated at the protein level (translational control). This increased concordance in 
data may be due to the techniques implemented which give a more global 
representation of both proteome and genome [127], or because the prokaryotic 
system studied is less complex to interpret. In this study, reference to transcript 
level data where available is made to aid interpretation of protein expression data 
into biological function, and in Chapter 3, transcript level data using RT-qPCR is 
generated together with proteomic data. 
2.3 Cyanobacteria general background 
Cyanobacteria, formerly referred to as blue-green algae, are a major diverse group 
of organisms and are the only known prokaryotes that perform oxygenic 
photosynthesis [128]. They have colonised a wide range of ecosystems including 
aquatic systems, soil, air and dry rock [129]. Their ability to thrive in extreme 
environments, habitats previously believed to be intolerable, has been well 
documented [21, 130-132], but the strategies adopted are not fully understood at the 
molecular level. Cyanobacteria are the organisms which form the basis of the 
investigations in this study, and therefore a general background is given in this 
section. 
For many years, cyanobacteria were classified in the plant kingdom along with 
algae, but the birth of new biochemical techniques and the utilisation of the electron 
microscope found them to be prokaryotes, more similar to bacteria than plants. 
Different species can be red, yellow, brown ~d green, and the red type is often said 
to have given the Red Sea its name, attributed to the Oscillatoria species, which 
contains the red photosynthetic pigment phycoerythrin [133]. Cyanobacteria were 
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often classified according to structural criteria, but this has since been replaced by 
16S rRNA classification [134, 135]. 
Cyanobacteria are able to perform oxygenic photosynthesis for energy, and are 
therefore believed to be the ancestral origin of higher plant chloroplasts [128]. The 
process by which cyanobacteria are believed to have integrated into plants' cells is 
referred to as endosymbiosis, a theory which is supported by various structural and 
genetic similarities, and predicted to have occurred sometime during the 
Precambrian [136]. The ability of these microorganisms to split water using light 
energy to form organic compounds and the bi-product oxygen, is thought to have 
initiated the oxygenic atmosphere we rely on for survival today, a process believed 
to have begun up to 3.5 billion years ago (137, 138]. Understanding the 
mechanisms of this development is of interest to evolutionary biologists. Even 
differences between certain types of cyanobacteria have revealed novel 
evolutionary behaviour, including genome reduction to adapt to specific 
environments [139]. 
Cyanobacteria have long been known to produce novel compounds to aid their 
survival. These often-complex compounds are secondary metabolites and have been 
found to have applications in areas of medicine and industry [21]. As early as 1500 
BC cyanobacterial species were used to treat gout and several forms of cancer 
[140]. However, interest in the production and applications of these novel 
compounds has increased significantly since the rapid development of tools and 
techniques allowing us to exploit basic genetic information [21, 22]. Recently the 
product Cyanovirin 16, a 101 amino acid protein, has been entered into clinical 
trials for potential anti-viral activity [141, 142]. The compound was isolated from 
the cyanobacterium Nostoc sp., and found to have virion receptor binding ability for 
the human immunodeficiency virus. 
Some species of cyanobacteria are referred to as extremophiles due to their ability 
to survive in environments previously thought unhabitable. They are classified 
according to the conditions in which they exist. Thermophiles, hyperthermophiles, 
psychrophiles, halophiles, acidophiles, alkaliphiles and barophiles are known to live 
in high temperatures, very high temperatures, cold temperatures, high salt 
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conditions, acidic conditions, alkaline conditions and high pressure conditions, 
respectively. The discovery of extremophiles demonstrates the extraordinary 
adaptability of primitive life fonns through the process of evolution, and further 
raises the prospect of finding at least microbial life elsewhere in the Solar System 
and beyond [1, 143]. 
2.4 Cyanobacteria in this study 
Three different cyanobacteria, Synechocystis sp., Euhalothece sp. and 
Prochlorococcus marinus, fonn the basis of proteomic research in this thesis, and 
share a variety of features as well as contrasting sharply in others. 
Synechocystis is a unicellular and freshwater cyanobacterium. It is the first of its 
kind to have its genome completely sequenced and annotated [144]. With 
approximately 3.6 million base pairs (bp), a total of 3,569 protein-coding genes are 
estimated. Despite more than half of its sequences sharing little or no similarity to 
genes present in Genbank in 1996 [144], its ability to grow photoheterotrophically 
and natural transfonnability all enhance its suitability for biochemical, 
physiological and genetic studies [144, 145]. Consequently, it is well characterised 
and is the representative strain of unicellular cyanobacteria in laboratory studies. 
The large amount of interest in Synechocystis stems from several perspectives and 
is summarised in Table 2.1. 
Table 2.1: A summary of how research with the cyanobacteria in this thesis has 
contributed to human affairs 
Organism Human affairs Function Role Reference 
Synechocystis H2 production as altemative to fossil 
Energy Biofuels fuels (146) 
Present model organism for salt 
Agriculture Salt tolerance susceptible crop plants [60) 
Medical Drug factory Carotenoid synthesis (147] 
Biopolymer Cyanophycin production as 
Biotechnology factOry altemative to polyaspartic acid (148] 
Prochlorocccus 
marinus MED4 Environment C02 sink 
Potentially reduce greenhouse 
effect [16] 
Euha/othece sp. 
BMOO1 Agriculture Salt tolerance 
Possible model organism for salt 
susceptible crop plants [149] 
composition which is thought to affect their ability to photoacclimatise [154-157]. 
This trait is an example of environmental adaptation, dependent on whether they 
reside in surface or deep oceanic waters with high-light (HL) or low-light (LL) 
conditions respectively. These differing ecotypes coexist in the oceans, allowing the 
survival of the species as a whole over a broad range of environmental conditions. 
Despite the arrival of the complete genome sequence for several strains, the 
proteomes of these globally significant microorganisms have not previously been 
published. 
In this thesis, the proteomic response of Synechocystis and Euhalothece cells to 
changes in salt concentrations will be investigated and then compared (refer to 
section 1.4, 'Hypothesis, aims and scope'). Therefore a review of the findings so far 
in relation to salt tolerance in cyanobacteria is discussed in the next section. The 
proteomic response of Prochlorococcus to HL is also investigated and the situation 
regarding our present understanding of the light response is also reviewed, as well 
as an introduction to this globally significant organism. The salt response in 
cyanobacteria has been studied more extensively and therefore forms the main body 
of the review in this chapter. 
2.S Cyanobacteria and salt 
Increasing salinity is a major factor impairing worldwide agricultural productivity, 
and is believed to affect nearly half of the world's irrigated land [158, 159]. 
Furthermore, the problem is predicted to get considerably worse over the next 30 to 
50 years [8]. When plants are exposed to high salinity, major processes such as 
photosynthesis, respiration, protein synthesis and energy metabolism are affected, 
and cause reduced productivity or whole plant death. Compounding effects of 
salinity and associated environmental stresses in plants are not fully understood, 
particularly at the molecular level. 
Understanding how cyanobacteria acclimate to saline environments has been a 
source of intense interest, fuelled by two main drivers, agriculture and 
biotechnology. Firstly, comparable to higher plants, cyanobacteria perform oxygen-
evolving photosynthesis, and therefore they share many functional pathways. It is 
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relatively easy to culture many species of cyanobacteria, and additional advantages 
such as rapid growth rate and low culture costs make these bacteria ideal models for 
investigating metabolic processes such as photosynthesis and respiration. 
Cyanobacteria therefore make suitable models for studying the physiology of salt 
tolerance and this has provided valuable insights into revealing the nature in which 
salinity prevents crop plant species from using aquatic resources [8, 9]. Indeed, 
homologues of salt responsive genes in Synechocystis are also regulated by salt 
stress in higher plants [160]. Cyanobacteria have been classified into three groups 
relating to their salt tolerance, salt sensitive (or stenohaline), moderately 
halotolerant, and extremely halotolerant [161]. Example species for each group 
include Anabaena, Synechocystis and Aphanothece, respectively. By increasing our 
understanding of salt tolerance mechanisms in these microorganisms, their close 
relationship to higher plants can be exploited, ultimately transferring their survival 
capability to crop plants and thereby increasing overall world food production [160, 
162]. 
From a non-agricultural perspective, some of the osmotic compounds produced in 
response to high salt have the potential to play important roles in biotechnology and 
medicine. Osmotic compounds (also known as compatible solutes, osmoprotectants 
and osmolytes) are low-molecular mass, uncharged or zwitterionic, hydrophilic 
molecules that do not interfere with cell metabolism. These compatible solutes help 
restore osmotic balance with the cell's surroundings, and maintain membrane 
integrity and protein stability [163, 164]. Cyanobacteria are able to synthesise their 
own compatible solutes, as well as uptake them from their surroundings. They help 
stabilise and even enhance protein activity, for example, polyethyl glycols are used 
to improve the crystallization of proteins [165]. In medicine, trimethylamine N-
oxide has the capability of in vitro rescue of cystic fibrosis (misfolded) proteins 
[166]. They are also used to protect cells from stress in the cosmetics industry, for 
example, ectoine has been shown to protect skin from UVA induced damage [167, 
168]. 
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2.5.1 Detrimental effects of salt 
It is now clear as to why it is advantageous to fully understand the salt response in 
cyanobacteria. However, to be able to comprehend what has been discovered to 
date, it is vital that the problems associated with the presence of salts at the 
molecular level are apparent. Perhaps obviously, salinity in soils and water refers to 
the presence of salts, most commonly NaCl. Elevated NaCI concentrations cause 
both ionic and osmotic stress to cyanobacterial and plant cells. In the first case Na+ 
and cr ions enter the cell via the chemical and electrochemical gradient due to ion 
imbalance, leading to toxic consequences, including affects on enzyme activity, 
metabolism destabilisation and even irreversible inactivation of oxygen evolving 
machinery [169, 170]. Low concentrations ofNa+ ions are required in the cells for 
several cell functions including, pH regulation, ammonia and C02 fixation, 
photosystem II (PSII) water photolysis and even transport of compounds [171, 172]. 
However, these concentrations are approximately 10 mM, and because Na + ions 
enter cells passively, high external concentrations lead to toxic intracellular 
conditions [169, 170]. The internal concentration of cr ions is maintained lower 
than the concentration in the environment, and this is assisted by the negative 
electric potential of the inner surface of the plasma membrane [170]. However, 
during salt shock (initial stages), increasing Na+ ion uptake causes membrane 
depolarisation therefore causing cr uptake across a chemical gradient (passive 
transport) [170]. It has been reported that Na+ and cr ion concentrations can reach 
50-90% of the environment in the first few minutes of salt shock in cyanobacteria 
[161], even though fast Na+ influx could not be detected in Synechocystis using 
flame photometry [60]. Secondly, a decrease in water potential results in water loss 
and reduced turgor pressure on the cell, which can cause cells to collapse and 
further concentration of ions and biomolecules [161]. Ultimately, excess salts can 
affect all major metabolic pathways [173]. The requirement to counteract or tolerate 
these detrimental effects is therefore a matter of life or death. 
2.5.2 Responses to salt stress 
The immediate response by Synechocystis cells to salt stress is well understood, and 
is similar to many other plants and bacteria [61, 160, 174-177]. As mentioned 
previously, the sudden increase in external NaCI concentration causes an influx of 
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Na + and cr ions into the cytoplasm during turgor collapse. The immediate response 
is to deal with toxicity of excess Na + ions, and these are removed from cells (within 
10 to 20 minutes) [129, 161]. Sodium levels in Synechocystis have been shown to 
be under control of Na+i'lr antiporters, and analysis of the complete genome 
sequence suggests at least five Na+/H+ antiport enzymes are present [144, 178]. 
They are embedded in the cytoplasmic membranes and the energy required is 
believed to be generated from the proton motive force across this membrane, 
generated by H+-ATPase and respiratory cytochrome oxidase [179-181]. In most 
cyanobacteria, Na + ions are also removed in exchange for K+ ions, which are 
essential for cell survival and the high external Na+ concentration interferes with K+ 
uptake [174]. In salt stress, the K+lNa+ transporters start to function with a 
preference for K+ ions, and therefore uptake ofNa+ ions is minimised [182]. Under 
optimum growth conditions, cells maintain high concentrations of K+ ions and low 
concentrations of Na+ ions and the levels of these ions directly effect active 
functioning of many enzymes, membrane potential generation, and cell volume 
regulation [13, 183]. Therefore salt stress-induced increase in cytoplasmic Na+ ions, 
leads to Na + ion export and K+ uptake, and the stress has been shown to induce 
sodium and potassium transporters [14]. 
The next response, which can last over several hours, is to accumulate compatible 
solutes either by synthesis or uptake [60, 184]. Compatible solutes primarily 
stabilise proteins and membrane structure via restoring an acceptable osmotic 
potential with the surroundings [163, 167]. Types of osmolytes include sugars, 
amino acids, polyols (all with derivatives), betaines, ectoines and peptides. As 
mentioned previously, the term 'compatible' hints at their ability to not 
detrimentally affect or inhibit cellular functions. They are uncharged at 
physiological pH, and have even been described as inert [185]. Ultimately, 
compatible solutes cause a decrease in the osmotic potential in the cytoplasm 
preventing further water loss, as well as stabilising 'ionically stressed' proteins 
[186]. Their molecular modes of function are not entirely clear, and have led to 
several theories including those summarised below [167]; 
1) Osmolytes interfere with solute-macromolecule interactions by competing 
for water molecules, leading to preferential hydration of the protein. 
46 
2) Osmolytes have unfavourable interactions with peptide backbones. More of 
these backbones are hidden in a folded protein compared with a denatured 
protein and therefore a higher concentration of osmolytes leads to a bias (i.e. 
makes it more energetically favourable) towards folded proteins. This has 
been termed the 'osmophobic effect' [187]. 
3) Solutes induce changes in water structure. Different ions bind to water 
differently (based on Hofmeister series [188]), chaotropes are weak and 
displace water from protein surface causing destabilisation, whereas 
kosmotropes are strong and therefore aid the preservation of the hydration 
layer around proteins. 
Synechocystis can tolerate salt concentrations up to 1.2 M (7.2%) NaCI, and is 
assisted by accumulation of osmolytes glucosylglycerol (GG) and sucrose [184]. 
this is achieved by de novo synthesis, as well as uptake via A TP-binding cassette 
(ABC)-type transporters [189]. Indeed, a hypoosmotic shock has been shown to 
. lead to rapid extrusion into the medium [190]. GG is synthesised in a two-step 
reaction [176] as follows:-
(i) ADP-Glucose + glycerol3-phosphate GG-phosphate syn~ase GG-phosphate (1) 
(GgpS) 
(ii) GG-phosphate • GG 
GG-phosphate phosphatase 
(2) 
Mutant cells for the gene which encodes for GgpS (ggpS) were unable to divide in 
0.45M (-2.7%) NaCI, and caused cells to almost double in size [174]. GG 
production has been shown to be activated primarily by a biochemical, salt-
dependent mechanism [176] and a hypothetical model for regulation of GG is given 
by Joset et al. [129]. Interestingly, cells shocked by a sudden increase in salt 
concentration demonstrate no correlation between ggpS mRNA and GgpS protein 
content [191]. However, cells adapted to high salt in the long-term show a linear 
relationship between external salt concentration, ggpS mRNA and GgpS protein 
content. Therefore biochemical modulation of this enzyme as well as increased 
gene expression (and increased mRNA stability) may regulate GG production 
proportionally to stress [191]. 
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The level of salt tolerance harboured by a cyanobacterial strain, depends upon 
which compatible solute it accumulates and this is summarised in Table 2.2 [184]. 
Table 2.2: Salt tolerant groups of cyanobacteria with examples (adapted from 
[184]). 
Group Example species Maximum NaCI Compatible solutes 
concentrations 
Salt sensitive Synechococcus, MaxO.7M Sucrose, trehalose 
Anabaena i<4.20/~ 
Moderately Synechocystis Max 1.8 M Glucosylglycerol 
halotolerant « 10%) 
Highest Spirulina, Max 2.7 M Glycinebetaine, 
halotolerant Aphanothece « 150/01 ~utamatebetaine 
It should be noted here that more than one type of compatible solute can accumulate 
in one strain in addition to the most abundant one, and this practice is often 
dependent upon the level of the salt tolerance [129, 161]. Accumulation of 
disaccharides, for example, trehalose, is advantageous for strains residing in 
environments with rapidly changing salinity because they are synthesised more 
rapidly than other compatible solutes, for example GO [192]. The details of 
trehalose and sucrose synthesis in cyanobacteria remain to be uncovered, however, 
glycine betaine is known to be synthesised by oxidation of choline in 
Synechococcus [193]. 
2.5.2. J Photosynthesis and respiration 
Studies have shown that photosynthetic activity in cyanobacteria is reduced in salt-
stressed cells [60, 194], (refer to Figure 2.5 for an overview of photosynthesis). The 
response of photosynthetic pigments to salt stress is particularly interesting, and 
Schubert et al. [195] investigated the effects of different salt concentrations on 
photosynthesis and pigmentation in Synechocystis cells with several interesting 
outcomes. At 342 mM (-2%) NaCI, cells showed optimum growth rate, 
photosynthesis rate and pigment (chlorophyll a and phycocyanin) content. 
However, when comparing photosynthesis rate to pigment content, it was 
demonstrated that absorbed light was more efficiently utilised in photosynthesis in 
cells with less pigmentation and grown at higher salt concentrations of -6.2% 
[195]. Fluorescence emission spectra showed inefficient energy transfer between 
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th light har e ting complexes (phycobilisomes) and chlorophyll a in ~2% NaCl. 
Moreo r, th accumulation of the carotenoids, echinenone, oscillaxanthin and 
myxo anthoph 11, were detected in high salt (1026 mM) [195]. Carotenoids are 
anti-o idant and their increased abundance has been implicated in response to salt 
str in c an bacterial cells [195, 196] and eukaryotic green algae [197]. It is 
thought that absorbing excess photons prevents oxidative damage, a secondary 
cau d by high alt concentrations [195]. A water soluble orange carotenoid 
ha al b en a ociated with state transition in PSI and PSII within the thylakoid 
membran of ynechocyslis [61]. 
Figure 2.5: erview of photosynthesis in cyanobacteria (reproduced from ASU, 
http://phot cience.la.asu.edulphotosynl ed ucationlphotointro .html). 
In yne ho y Ii , the photosynthetic electron transport is thought to be inhibited by 
in intracellular Na+ concentrations. The ionic stress causes stabilising 
prot in to di ociate from PSI and PSII complexes [198]. In Spirulina platensis, 
ha been shown to decrease electron transport efficiency and cause 
ph cobi Ii om damage [199]. Ionic stress is thought to be the main problem as 
tres danlage to both photo systems has been shown to be reversible 
in Y'P 170 ·oc 1I p. [200]. It is possible that Na+ ions impair restoration of salt-
damaged ph to y tern . A study on Synechoccocus showed that both PSI and PSII 
er ina ti ated by a change in KIN ratio, an alteration attributed to changing 
e t mal alinity [201]. 
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Four percent salt stress is believed to cause functional disconnection of 
phycobilisomes to the PSII photosynthetic reaction centre in Synechocystis cells 
[195]. Comparably, the addition of salt causes a decrease in energy transfer from 
allophycocyanin to PSII in the cyanobacterium Spirulina platens is [202, 203]. 
However, no change in chlorophyll a content was observed in this cyanobacterium 
grown under 0.8 M (-4.8%) NaCI [202]. In the same study, an artificial electron 
donor to PSII was used to illustrate that salt stress may affect the water splitting 
complex. The target varies in different cyanobacteria and in S. platens is the water 
oxidation complex and PSII reaction centres are directly affected by salt [199]. In 
Synechocystis, salt stress has been shown to inhibit protein synthesis, and in 
particular PSII protein DI [204]. 
It is thought that adaptation to salt may require an increase in PSI activity, and 
hence increase the PSIIPSII ratio [181]. This poses the question; why would 
photosynthesis be important for salt adaptation? The first step of the Calvin cycle 
involves fixing C02, a process which utilises the enzyme ribulose-l,5-bisphosphate 
carboxylase/oxygenase (Rubisco) (Figure 2.6). Takabe et al. [205] measured an 
increase in Rubisco content and C02 assimilation rate in salt acclimated cells from 
the halotolerant cyanobacterium Aphanothece halophytica. Again the Calvin cycle 
is involved in GG production because the metabolites glucose-6-phosphate and 
ADP-glucose are precursors for this compatible solute, as discussed previously. 
Carbon compounds in cyanobacteria are mostly formed from photosynthesis, and 
these are required for compatible solutes synthesis [206]. This has been 
demonstrated by rapid accumulation of compatible solutes in the light, whereas in 
the dark small amounts are synthesised from glycogen or glucose reserves [207]. 
Therefore, photosynthesis is required for compatible solute synthesis and also an 
increased requirement for ATP because Na+ ion extrusion is an active (energy 
requiring) process. In accordance, cyanobacteria have shown increased electron 
transport activity in PSI in response to salt stress [181, 199]. Work by Jeanjean et 
al. [181] showed a salt-induced increase in P700 and PSI reaction centres leading to 
increased cyclic electron transport around PSI. Figure 2.7 illustrates electron flow 
around PSI in cyclic photophosphorylation. This increase in electron transport is not 
solely controlled by an increase in electron carrier complexes cytochrome c oxidase 
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or P700 and therefore changes in electron transfer routes most probably occurred 
[181]. 
carbon fixation 
----------~---------~ r "'\ 
(6) 3-phosphog Iycerate 
RUBISCO 
(3) CO, -?' (6t€:> ~ 
(6) 1, 3-biphosphoglycerate 
reduction 
(3) ribulose 1,5-
bisphosphate 
(3)~1 )~ 
(3) ribulose-5-
phosphate 
(6) glyceraldehyde-3-
phosphate 
/------.. (1) glyceraldehyde-3-
(5) glyceraldehyde- phosphate 
3-phosphate 
'------~ ---_/ Y 
regeneration 
Figure 2.6: Representation of the Calvin cycle or light independent reactions of 
photosynthe i where CO2 fixation occurs (in a clockwise direction). The numbers 
in brackets represent numbers of each molecule. The blue text describes the three 
main pha es and the enzyme Rubisco which binds CO2, is shown in green [208]. 
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Figure 2.7: yclic photophosphorylation in PSI. The electron transferred is not 
derived from wat r, but from PSI itself and therefore recycles it back to PSI [209]. 
51 
Subsequently it was shown that levels of electron flow carrierflavodoxin, an 
alternative to ferredoxin, increases in salt acclimated cells, and this may lead to the 
observed enhancement of PSI activity by increased cyclic electron transport, and 
ultimately increasing the efficiency of photophosphorylation. [210]. The increase in 
PSI activity, and particularly of cyclic electron flow in response to ca. 2% NaCI, 
proved much lower in flavodoxin mutant Synechocystis cells, highlighting a role of 
flavodoxin in a salt-induced cyclic electron transfer activity in salt-acclimated cells 
[210]. 
An increase in PSI activity in salt adapted cells is accompanied by an increase in 
respiration rate [181, 199]. Together, these processes provide for the increased 
energy capacity required for salt acclimation. Cytochrome c oxidase is present in 
cytoplasmic and thylakoid membranes and salt stress affects both systems equally 
[181]. The adaptation of cytochrome c oxidase activity in cellular respiration was 
demonstrated in Synechocystis cells [211]. Here, salt-stressed cytochrome c oxidase 
mutants were created to demonstrate that cytochrome c oxidase mediated 
respiratory electron transport provides energy for salt adaptation in salt-stressed 
cells [211]. The specific site for increased activity is believed to be complex IV, the 
terminal part of the cytochrome c oxidase catalysed respiratory chain [211]. 
2.5.2.2 Membranes 
The membranes in cyanobacteria are exposed to the surroundings, and therefore a 
salt response is inevitable. High salinity is known to increase fluidity and decrease 
permeability of membranes to H+ and Na+ ions [129]. It is possible that the activity 
of K+ (Na l and water channels is repressed by the unsaturation of fatty acids of 
membrane lipids [201]. Lipids are likely to be involved in protection against salt 
stress, and gene mutagenesis studies in Synechocystis involving decreased levels of 
fatty acid desaturases led to decreased salt tolerance [198]. Lipid composition 
changes include increases in the proportion of unsaturated fatty acids and 
phosphatidylglycerides which have been observed in mildly halotolerant 
Synechococcus PCC6311 [212], and the latter strategy has also been seen in 
halophilic Aphanothece ha/ophytica [213]. These changes are associated with 
modifying ion exchange properties of the cells because increasing the polarity of 
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lipids causes an increase in membrane surface charge [129]. Riviere et al. [214] 
have shown that the ratio of proteins to lipids decreases in the cytoplasmic 
membrane of Synechococcus PCC6301 cells as well as increases in Fe2+ and Cu2+ 
ions. These increases can be explained by the increased levels of cytochrome c 
oxidase and H+lNa+ antiport activity [214]. The presence of unsaturated fatty acids 
in thylakoid membranes is also important for the tolerance of photosynthetic 
machinery to salt stress [215]. 
2.5.2.3 How do cells sense salt stress? 
The cellular changes described above allow Synechocystis to tolerate salt 
concentrations more than twice as much as seawater, but acclimation must involve 
perception of these stress signals with subsequent transduction. Sensing 
environmental changes in salt concentration is necessary so that previously 
unexpressed genes essential for acclimation can be expressed, ultimately leading to 
stress protein production [120]. Synechocystis has its genome completely 
sequenced, and therefore targeted mutagenesis has been used to understand 
functioning of potential sensors and transducers. Murata et al. [120] performed a 
systematic analysis of environmental stress perception with histidine kinase and 
response regulator mutants using DNA microarrays. Initial studies showed that 
selections of salt-inducible genes and proteins are regulated by sigma factor SigF, 
as revealed by interposon mutagenesis with 1 DE and 2DE [216]. Marln et al. [119] 
implemented a similar method and identified four histidine kinases, Hik16, Hik33, 
Hik34, and Hik41, which perceived and transduced salt (0.5 M) signals. Again 
using DNA microarrays, but in combination with RNA slot-blot analysis, three 
histidine kinase systems, and another type of system were identified in salt stress 
perception and signal transduction [217]. The marked reduction or elimination of 
gene expression allowed salt stress genes to be associated with specific two-
component response regulator systems. Many salt responsive genes did not 
experience altered expression in mutant strains, indicating that unknown 
mechanisms of control still exist. Intracellular concentrations of Ca2+ ions have also 
been observed to increase rapidly in response to salt stress in Anabaena sp. 
PCC7120, and these were postulated to playa role in salt stress signalling [218]. 
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2.5.2.4 Gene expression changes 
Microorganisms adapt to different environmental stresses by regulating the 
expression of various genes, and analysis of these changes enables interpretation of 
physiological responses. Gene expression is regulated in response to changes in salt 
concentrations, and using a subtractive hybridisation technique, Apte et al. [219] 
revealed transcription of more than 10% of the genome was affected by salt in 
Anabaena torulosa. More recently, Kanesaki et al. [3] used DNA microarray 
analysis to monitor changes in levels of transcripts in Synechocystis in response to 
0.5 M (-3%) salt. Upon exposure to salt, 147 (4.8%) of the total genes on the 
microarray (3079) were found to be up-regulated at least 2-fold, and 228 genes 
(7.4%) were down-regulated at least 2-fold. Interestingly, half of these genes 
encoded proteins with unknown function, highlighting the further studies that have 
to be carried out to elucidate the full salt response [3]. Among the salt-induced 
genes were those which encode for ribosomal proteins, rp12, rp13, rp14 and rp123. 
It is suggested that salt stress de stabilises ribosomes, and therefore de novo 
synthesis is required to fulfil their active roles in the cell [3]. In addition, genes 
associated with the D 1 protein at the photochemical reaction centre of PSII were 
also affected. The degradation and regeneration of this protein is essential for PSII 
activity [220], and genes involved in both were found to be up-regulated [3]. 
Finally, essential genes for biological membrane structure, the acyl-lipid 
desaturases, were repressed by salt stress [3]. 
Marin et al. [60] also used the DNA microarray technique to study the response of 
Synechocystis cells to a slightly higher salt concentration of 684 mM (-4%). 
However, in contrast to the previous study, acclimation was assessed after initial 15 
minutes of salt addition, and 30 minutes, 2 hours and 6 hours thereafter. This 
enabled genome wide profiling of the initial salt shock response. Measurements 
were also made after 24 hours and 5 days, and therefore allowed analysis of gene 
expression with cells approaching adaptation to -4% salt. Overall, 11.7% and 6.5% 
of total genes on the microarray (3079) were induced and repressed, respectively 
[60]. Again many of these genes encoded hypothetical proteins. Amongst the salt-
induced genes in adapted cells, were those which encode for enzymes involved in 
GG synthesis and ABC-transporters for compatible solutes. Genes encoding for 
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proteins in basic carbohydrate metabolism, for example, fructose, 1-6 bisphosphate 
aldolase, were enhanced after 24 hours but not after 5 days. 
In accordance with present understanding of the Synechocystis salt response, all but 
one gene encoding for proteins involved in water and ion export were no longer 
differentially expressed at 24 hours. A transient decrease in genes involved in 
photosynthesis activity (both PSI and PSII) was also observed [60]. Perhaps most 
significantly, despite the early induction of genes for group 2 sigma factors (SigB, 
SigD) in salt stress, group 3 sigma factors, believed to be involved in expression of 
salt stress proteins [216], were not. Therefore, it is likely that group 3 sigma factor 
activity is regulated at the post-transcriptional level [221]. Overall, very few genes 
(39) remained induced after 5 days acclimation. 
2.5.3 Proteomics of salt stress 
The work reviewed above has increased our understanding of the strategies 
cyanobacteria implement to survive in high salinity. The immediate responses (or 
shock responses), including the accumulation of compatible solutes and active 
export of inorganic ions, are largely regarded as protein synthesis-independent 
[129]. However, in order to survive in high salt for extended periods of time, cells 
must adapt to the new conditions. Adaptation is a long-term process, and is 
therefore protein synthesis-dependent (see Figure 2.1). It is apparent from the 
microarray study above [60] that minimal numbers of genes change in expression 
during long-term adaptation, and therefore it is imperative to compare short-term 
and long-term responses, particularly at the protein level. 
Fulda et 01. [61] used 2DE in a large-scale proteomics study to address the salt 
shock (immediate or short-term) response versus salt adaptation (long-term) 
response in Synechocystis cells to approximately 4% NaCl. In order to produce a 
meaningful comparison, previously generated transcriptomic data and a survey of 
changes in physiological parameters were used to identify the most revealing times 
to harvest cells. Short-term shock and long-term adaptation times were at 2 hours 
and 5 days, respectively, under the growth conditions applied [60, 61]. A pulse 35S_ 
methionine labelling method was used, which allowed clear visualisation of newly 
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induced proteins from radioactive 2DE-gels. In vitro metabolic labelling of cells 
with radioactively labelled amino acids is routinely performed, but despite 
advantages such as its relatively higher energy beta emitter potential and high 
specific activity, any proteins lacking methionine would be undetected [222, 223]. 
Despite the fewer induced proteins identified compared to genes induced in a 
microarray study, 90% of these identified proteins were also induced at the 
transcriptional level [60]. As expected, heat shock proteins (which protect or repair 
proteins), DNA and RNA-binding stress proteins and antioxidative enzymes all 
increased in expression in the short and long-term, in both transcriptomic and 
proteomic studies [3, 60, 61, 224]. However, only truncated versions of the 
chaperone GroEL 1 and the elongation factor-Tu, were identified in the long-term at 
the protein level, and whether this has functional significance remains unknoWn 
[61]. Seven enzymes involved in carbohydrate metabolism also accumulated after 5 
days, whereas a similar pattern in gene expression was not observed. In fact, in this 
study, nearly half of the data for induced genes in acclimated cells (5 days) did not 
correlate with protein inductions [61]. Therefore, the authors proposed that post-
transcriptional modification may play a role in salt adaptation, particularly 
considering the multiple spots identified in gels corresponding to the same protein. 
Despite the need for further studies here, the importance of studying protein levels 
in understanding the salt response is accentuated. 
A physiological proteomic study also compared high salt (6% NaCI) shock and 
adaptation, using 2DE with dual channel imaging, but this time in non-
cyanobacterium, Bacillus subtilis [225]. Enzymes involved in most of the metabolic 
pathways were repressed initially after the salt shock, but after a 60 minute period 
approaching adaptation, growth processes were restarted (the relatively fast 
generation time of Bacillis subtilis means cells adapt relatively fast compared to 
Synechocystis cells). However, some proteins, for example, glycolysis enzymes, 
were synthesised at a normal rate throughout shock and adaptation [225]. 
The majority of proteomic studies on salt tolerance in cyanobacteria have been 
conducted on Synechocystis implementing 2DE techniques. Newly expressed or 
proteins with enhanced expression have been identified and given the term 'stress 
proteins'. These studies have contrib':lted to the construction of a database called 
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Cyanoba e, containing over three thousand predicted protein-coding genes [226]. 
Many of these proteins are annotated as 'hypothetical', as sequence similarity to 
protein of known function is simply not present. Methods for isolating plasma, 
thylakoid, periplasmic and outer membranes have been developed, as well as 
isolating pure plasma and periplasmic space proteins [227-232]. This has allowed 
analysi of how proteins in different subcellular compartments assist in adaptation 
of whole cells to high salt, and these findings are reviewed here and summarised in 
Figure 2.8. 
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Figure 2.8: A summary of responses to salt stress in a unicellular cyanobacterial 
cell, a revealed by proteomics studies [61,231,233-235]. 
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2.5.3.1 Peri plasmic Space 
The periplasmic space (Figure 2.8) is situated between the plasma membrane and 
the outer membrane. No active ion transport mechanisms have been found in the 
outer membrane in Synechocystis cells, but transport proteins involved in the uptake 
of substrates are present in the periplasmic space, and these could be affected by 
high salt levels. These reasons inspired Fulda et al. [231] to use a cold-osmotic 
shock technique [236] to isolate and compare the abundance of periplasmic proteins 
from Synechocystis cells grown in low salt (2 mM or 0.01% NaCl) and high salt 
(342 mM or 2% NaCl). The method of periplasmic protein isolation was unsuitable 
for looking at adaptation to higher salinities, as the sample fraction becomes 
contaminated with proteins from other cellular compartments in these conditions. 
Extracted protein fractions were separated by SDS-PAGE, and two bands of interest 
were subjected to N-terminal sequencing. Unfortunately, both identified proteins 
were annotated as hypothetical, sharing no significant similarities to proteins of 
known function [231]. 
By implementing 2DE for enhanced resolution with MALDI-TOF MS for improved 
identification, the experiment was repeated [233]. IPG strips pH 4-7 were used with 
23cm by 23cm, 12.5% acrylamide gels. MALDI-TOF MS allows protein 
identification by soft ionisation methods with a TOF mass spectrometer [89]. 
Protein fragments generated by protease digestion are fixed in a solid phase matrix 
and ionised by a laser beam. TOF analysis reveals experimental peptide masses 
which can then be matched to theoretical masses in a database. Six and three 
proteins were identified as enhanced and newly expressed, respectively, in the 
presence of elevated levels of salt [233]. Several of these proteins were thought to 
be involved in synthesising or modifying extracellular layers in Synechocystis, and 
therefore highlight the importance of changes in cyanobacterial cell walls in 
adapting to high salinity. For example, a protein showed significant similarity to 
phosphoglycerate mutases from Streptococci, which are involved in polysaccharide 
synthesis in their capsules [233]. Furthermore, a salt-enhanced protein was found to 
be homologous to cell surface lipoproteins of Mycobacteria spp. [233]. 
It is apparent from this study, that functional annotation of Synechocystis is still at 
an early stage, and characterisation of these salt-enhanced proteins required 
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searching for similar functional domains already present in the databases for other 
source organisms. A number of peri plasmic proteins were also observed to have 
reduced expression in saline media, and these were attributed to the expected 
reduction in protein synthesis of 'normal' proteins (non-stress proteins) in salt-
stressed cells [176,233]. 
2.5.3.2 Plasma membrane 
A combination of blue native/SDS-PAGE and MALDI-TOF was used to study the 
composition and dynamics of membrane protein complexes in the same 
cyanobacterium, perturbed by three different growth modes and varying levels of 
C02, iron, or salt [232]. Blue native is a technique implemented in proteomics in 
order to separate and study intact protein complexes at high resolution [237, 238]. It 
enables further elucidation of protein function by analysing protein-protein 
interactions. A total of 53 protein spots were identified in this study, corresponding 
to 37 different Synechocystis genes [232]. A salt stress of O.4M (-2.4%) NaCI was 
applied to cells for 72 hours, but this did not induce any obse~able changes in the 
membrane protein complexes, which agreed with previous physiological studies 
(reviewed by Joset et al. [129]) that the plasma membrane and cytoplasm are likely 
to be the main subcellular compartments which are affected by salinity. The plasma 
membrane represents a barrier to the surrcmnding medium, and therefore is likely to 
be responsive to a salinity change in the environment [234]. 
Huang et al. [224], screened for proteomic changes in the plasma membranes of 
Synechocystis cells in response to salt. These membranes were isolated by sucrose 
density gradient centrifugation and two-phase partitioning [239]. 106 proteins were 
identified, corresponding to 66 gene products, using 2DE and PMF with MALDI-
TOF MS. 25 proteins changed significantly (>2-fold) in abundance due to salt 
concentrations of 684 mM (-4.1%). A methanol/chloroform precipitation step was 
included after protein extraction for desalting and concentrating the protein sample 
[240]. An advantage of using 2DE to separate and visualise proteins was 
particularly apparent in this study, where isoform spots were clearly visible. 
Changes in the abundance of some of the isoforms imply PTM's might playa role 
in the functioning of the proteins in the stress conditions. Nearly one third of the 
salt-enhanced proteins identified in this study were substrate-binding ABC 
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transporters [224]. An increase in GG-binding protein, GgtB, was expected since 
Synechocystis cells can uptake this compatible solute from its environment [241]. 
The evidence for an interrelation between salt and iron-stress in this organism was 
supported by the very high accumulation of iron binding lipoprotein, FutA 1. It has 
been previously proposed that FutAI plays a protective role in PSII under 
conditions of iron deficiency [242]. Increases in phosphate and nitrite/nitrate 
binding proteins have been hypothesised to occur in order for cells to overcome 
salt-induced nutrient deficiency, a problem resulting from structural changes in the 
plasma membrane [243]. Moreover, an increase in the regulatory protein PII 
suggests a change in the carbon and nitrogen balance in salt-stressed cells. 
Further salt-induced proteins, thought to play significant roles in stress, included 
vesicle-inducing protein in plastids (Vippl), a protein involved in thylakoid 
membrane biogenesis in Arabidopsis [244], membrane-bound peptidyl-prolyl 
isomerase B, which could be involved in maintaining the integrity of proteins in the 
plasma membrane and CoxB, which supports work done recently suggesting a role 
in managing photosynthesis in stressed cells [224]. Some of these hypothesised 
functions in salt tolerance require further characterisation, and this can occur at the 
protein level, for example, through structural studies, or at the gene level, 
developing knock-out mutations from the protein-coding genes and observing 
phenotypic alterations. This is particularly true for hypothetical proteins which have 
no associated function. In addition to salt regulated proteins, 21 proteins were 
newly identified [224], and before further studies are undertaken it is possible to 
predict function to a certain limit. A plethora of open source software tools have 
been developed [245-247], with algorithms which help to predict cellular functions 
from conserved domains. Furthermore, characteristics such as hydrophobicity and 
attributes like lipoprotein or sec- signals, can be used to predict subcellular 
localisation [248, 249]. 
Many proteins from the plasma membrane were associated with salt stress in 
Synechocystis for the first time in this study, however, the limitations of using 2DE 
were recognized in the fact that no integral membrane proteins were identified 
[224]. 
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2.5.3.3 Cytoplasm 
Fulda et al. [61] used 2DE with MALDI-TOF to investigate the response of the 
soluble proteome in Synechocystis cells to approximately 4% salt, and 55 out of the 
337 identified proteins were induced. In the salt-acclimated cells, induced proteins 
were organised into four groups; stress proteins which are salt specific, general 
stress proteins, enzymes involved in basic carbon metabolism and hypothetical 
proteins. 
Specific salt stress proteins included the enzyme ADP-glucose pyrophosphorylase, 
which is responsible for synthesising the precursor ADP-glucose, for the compatible 
solute GG. General stress proteins included molecular chaperone GroELl and 
elongation factor-Tu. Increased amounts of soluble electron carriers, flavodoxin and 
plastocyanin were also observed, and these are thought to play an important role in 
adjusting to stress-induced changes in electron transfer [61]. Several enzymes 
involved in carbohydrate metabolism also accumulated, including transketolase, 
glycogen phosphorylase and phosphoglycerate kinase [61]. The accumulation of the 
compatible solute GG was proposed to cause this change in carbon metabolism. 
2.5.3.4 Thylakoids 
A method for isolating pure thylakoid membrane proteins suitable for 2DE analysis 
was developed nearly ten years ago, implementing aqueous polymer two-phase 
partitioning in combination with sucrose-density centrifugation [227]. Despite this. 
a large-scale proteomics experiment assessing the salt response of the 
photosynthetic membranes has not been performed. By combining traditional 
protein separation and quantitation methods, SDS-PAGE and western blotting, 
Sudhir et al. [235] investigated the response of thylakoid membrane proteins in the 
cyanobacterium Spirulina platens is to 0.8 M (-4.8%) NaCl. This cyanobacterium 
was isolated from sodium (150-200 mM Na+) rich lakes and is cultured in Zarrouk 
medium [235]. A 40% decrease in protein Dl from the PSII reaction centre was 
observed. Additional abundance changes in proteins were observed, but these were 
not identified. The authors undertook additional physiological studies and 
postulated that a variety of effects occurred on photosynthetic electron transport 
activities due to the marked alterations in the composition of thylakoid membrane 
proteins [235]. 
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Vippl protein, (refer to 2.5.3.2), is located in the plasma membranes, but has been 
associated with thylakoid membrane formation in Arabidopsis [244]. It shares 
sequence similarity to stress-related phage-shock protein PspA [244], and a 
knockout mutant created in Synechocystis led to an inability to form thylakoid 
membranes. An increase in this protein in salt-acclimated cells may imply a 
structural reorganisation in these membranes is necessary [224]. 
This review of salt tolerance studies using proteomic tools illustrates the potential 
of this field to increase our understanding of the complex mechanisms which cells 
use to survive in saline environments. However, the major technique employed has 
been 2DE with densitometry-based (semi-)quantitation, and this method does not 
have sufficient accuracy to highlight all essential adaptive proteome responses. In 
previous studies the immediate gene and protein level responses to external stimuli 
have been shown to be more pronounced than changes which correspond to an 
adaptive state [60, 61], and therefore a method which can only detect >2-fold 
changes is likely to miss key expression variations (high false negative candidates). 
A proteomic method which is more accurate would be ideal to overcome these 
limitations (refer to section 1.4, 'Hypothesis, aims and scope'). In addition, protein 
fractionation by 2DE is not ideal for identification of hydrophobic proteins, 
although progress is being made here [46, 57]. The application of a shotgun method 
is presented in Chapter 3, and attempts to deal with the drawbacks mentioned 
above. 
Synechocystis can survive in extreme salt conditions, up to -7% salt. However, 
proteome or transcriptome responses to more than -4% NaCI have not been 
conducted. A possible reason for this trend in proteomics may be the unattractive 
prospect of working with high salt, which is known to cause detrimental effects in 
major proteomic techniques including IEF (first dimension separation in 2DE) and 
MS. Techniques to remove salt are available but many have several disadvantages 
including protein loss or degradation, increase in final sample volume, time taken or 
even high implementation cost. Therefore, a facile method to remove salt for 2DE 
studies would allow more effective analysis of very high salt samples, and this 
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problem is addressed in Chapter 4 (refer to section 1.4, 'Hypothesis, aims and 
scope'). 
2.5.4 Cross-species proteomics of salt tolerance 
As mentioned previously, there are several drawbacks associated with working only 
with model organisms, and techniques need to be developed and evaluated to 
answer similar questions in environmental isolates. There have been no publications 
to date on the salt response in any unsequenced cyanobacterium using cross-species 
proteomics tools. However, a study on the halophilic and unicellular green alga 
Dunaliella, used homology-based proteomics to study salt tolerance, since it was 
unsequenced [250]. To study this halophile, nanoelectrospray MS, combined with 
sequence-similarity database-searching algorithms, MS BLAST [102] and MultiTag 
[118] were applied. Results showed that 61 proteins were up-regulated, including 
enzymes of central metabolic pathways, such as photosynthesis, energy production, 
protein synthesis and turnover [250]. However, at the time of study (2004), there 
were 50 protein entries and 3000 nucleotide entries in the NCBI database for this 
organism which assisted in protein identification. 
A more recent study on the halophilic eubacterium, Halorhodospira halophila 
attempted cross-species proteomics, utilising a chemical derivatization strategy and 
de novo sequence analysis with 2DE and MALDI-TOFITOF [106]. Three different 
homology-based search algorithms were implemented, FASTS, MS BLAST and 
MS-Homology [102, 113, 251]. The study was undertaken to illustrate the 
applicability of the method in unsequenced organisms and not to elucidate salt 
adaptation strategies. 
Both these studies highlight different proteomic strategies which can be used to 
improve identification in cross-species proteomics. The applicability of MS BLAST 
was crucial in both studies. In the Dunaliella study, 80% of the selected salt-
induced spots were identified, and 42% of protein spots were identified in H 
halophila [106, 250]. 
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In Chapter 4, the salt response in an extremely halotolerant cyanobacterium which 
was isolated from a salt lake in the heart of the Sahara, is characterised. Protein 
identification using de novo sequencing and homology-based searches will be 
implemented, but the use of novel identification confirmation methods is also 
demonstrated (refer to section 1.4, 'Hypothesis, aims and scope'). Again, adaptation 
to its hostile environment will be elucidated rather than the immediate shock 
response, and therefore accurate quantitations as well as reliable identifications are 
a feature. This work should raise the prospect of utilising proteomic tools in more 
biologically diverse ecosystem-adapted organisms. 
2.6 Cyanobacteria and light 
In plants and cyanobacteria, photosynthesis is used to provide energy for survival, 
and this in turn requires energy from the sun in the form of light. Many organisms 
obtain nearly all of their carbon and chemical energy for growth through 
photosynthesis, but the availability or quality of light in the natural environment is 
never constant [252]. If there are limitations in light availably, growth will 
concurrently be limited. On the contrary, excess light can cause irreversible damage 
to cells and is called photoinhibition, unless adaption to the new conditions can be 
accomplished, termed photo inhibition [253]. Consequently, photosynthetic 
organisms must adapt to varying light intensities for survival. For example, 
cyanobacteria residing in water surfaces are constantly confronted with changing 
light intensities due to water mixing and must have the capacity to respond 
efficiently to successfully adapt to these environments. If photosynthesis and the 
components· involved are not correctly regulated it has been shown that cellular 
process can become damaged due to the production of reactive oxygen species 
(ROS) caused by the imbalance of energy supply and dispersion [254]. Generally, 
electrons leaking from the photosynthetic electron transport chain generate ROS, 
leading to oxidative stress [254]. Figure 2.9 shows that excess energy from excited 
pigments gets transferred to molecular oxygen and thereby produces reactive singlet 
state oxygen e02). Molecular oxygen can also get reduced at the acceptor side of 
PSI producing superoxide anions (02") which subsequently leads to hydrogen 
peroxide (H202) and hydroxyl radical ('OH) production. 
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Figure 2.9: Schematic representation of how excess energy causes the formation of 
ROS in the photosynthetic electron transport chain, which eventually cause 
oxidative damage to cellular components (PQ-plastoquinone, PSI- photo system I, 
PSII- photosystem II, NADP- Nicotinamide adenine dinucleotide phosphate) [254]. 
There has not been the extent or depth of research into the light response in 
cyanobacteria that has been undertaken to understand their salt response. What is 
known to date has mainly focused on plants through traditional biochemical, 
physiological and molecular biology (forward and reverse genetics) tools [220,254, 
255] , and the light response remains relatively poorly understood at the molecular 
level. 
2.6.1 Responses to light stress 
Responses to light occur in two stages. There are several immediate (shock) cellular 
responses to HL, which are independent of gene expression. State transition is an 
immediate response. It is a regulatory mechanism which controls excitation energy 
transfer from light harvesting antennae complex to both PSI and PSII [252]. 
However, protein synthesis dependent adaptation to HL (long-term) occurs over a 
period of hours, or even days. It is thought to involve adjusting photosynthetic 
capacity and light absorption by controlling light harvesting antennae size, 
enhanced repair, changes in energy transfer from the light harvesting complex to 
photosystem II (PSII) and protective energy dissipation [256-258]. There are also 
reports of alterations in photosynthetic capacity and photosynthesis apparatus and 
related components, for exan1ple Dl turnover (see Figure 2.1 0), and although light 
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ab orption i decreased, light utilisation is increased [257]. The long-term response 
is also thought to induce the scavenging system for ROS mentioned earlier [254]. 
Despite the e defence strategies, excess light will always cause a certain level of 
damage to photosynthetic machinery, and therefore protein turnover and de novo 
synthe is are vital for cell survival [257]. 
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Figure 2.10: A schematic diagram of the major proteins located in the thylakoid 
membrane of cyanobacteria (organization adapted from Partensky and Garczarek 
[259]). 
To avoid the production of ROS through absorption of excess light energy, both 
antenna size and photosystem content must be reduced, and the rate of CO2 fixation 
must al 0 increase to maintain the energy supply and consumption balance [252]. 
Most cyanobacteria reduce the length and/or number of phycobilisome complexes 
(Figure 2.10) upon exposure to HL [260]. Interestingly, Belknap et at. [261] 
di covered that control of phycobilisome content in Anabaena pce sp.7120 was 
controlled at the post-transcriptional level when mRNA levels increased although 
overall protein levels decreased. The mechanisms for regulating phycobilisome 
lev Is are n t certain, although candidate genes have been proposed. The product of 
the nblA gene, found in Synechococcus sp. PCC 7942 and Synechocystis, may bind 
to ph cobilipr teins and act as a marker for degradation [262]. 
A mentioned earlier, the freshwater cyanobacterium Synechocystis was the first 
cyanobacterium to have its genome fully sequenced, and has therefore been a 
repre ntati e pecies for physiological, biochemical, genetic and proteomic studies 
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[3, 263]. In 1998, Hihara et al. [264] investigated the effect of HL (300 J.llllol 
photons m"2 S"I) on pigment abundance in Synechocystis cells. A major reduction in 
chlorophyll and phycocyanin was observed within 3 hours of exposure, leading to a 
more subtle decline for up to 12 hours. After this period a gradual recovery was 
recorded [264]. 
Regulation of PSIIPSII stoichiometry occurs in cells which must adapt when 
demand for ATP or NADPH changes, and this includes salinity stress as discussed 
in section 2.5.2.1. As early as 1979, Kawamura et al. [265] discovered that growing 
three different cyanobacteria, Anabaena cylindrica, Anabaena variabilis and 
Anacystis nidu in varying light intensities led to a change in PSI and PSII 
stoichiometry. The PSIIIPSI ratio increases in HL and therefore the overall 
diminished PSI content (the variable component in most cyanobacteria) reduces cell 
damage by down-regulating electron flow [265]. Regulation of PSIIIPSI 
stoichiometry is thought to prevent an imbalance of excitation energy between the 
two and thus prevent damage, and mutagenesis studies in Synechocystis identified 
the gene pmgA as playing a role in regulating the stoichiometry in HL [264]. 
Excessive light energy causes oxidative damage to the reaction centre of PSII 
(Figure 2.10) [220]. The overall lasting damage however, is dependent on the 
recovery process which involves synthesising D 1 to replace damaged units. In 
Synechocystis cells, the psbA gene encodes for D 1, and has been shown to be 
controlled by transcription rate as well as message stability [266,267]. Both the rate 
of production and degradation is controlled by light, but the level of synthesis is 
also controlled by the level of degradation [268]. Control of Dl and D2 proteins 
(Figure 2.10) in cyanobacteria is complex, and there is more than one gene which 
encodes for each protein in cyanobacteria, unlike in the chloroplast genome [252]. 
Movement to environments with differing light intensity dictates which gene is 
transcribed, and in the case of psbA (encodes for D 1) in Synechococcus sp. PCC 
7942, HL causes the production of Form II over Form I at a rate dependent on light 
intensity change [269]. After further exposure to HL however, acclimation favours 
Form I again, implying that Form II type is a transient stress-inducible version, 
whereas Form I is the acclimated form of Dl [269]. Dl protein appears to be the 
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primary target for photoinhibition in cyanobacteria, and it is assumed that the 
exchange between different forms plays an important role in adaptation to varying 
light intensities [252,269]. 
Genetic studies identified the HL inducible protein (HLIP) coding genes [270]. 
Homologous to eukaryotic chI alb binding proteins (CABs), mRNA levels of 
HLiP's are only induced transiently and are thought to work as pigment carrier 
proteins in HL [252]. Pigment-protein complexes become degraded in HL stress 
leading to potentially excitable free chIs, and these would have to be removed for 
their energy to be dispersed harmlessly to avoid the inevitable oxidative damage 
[252]. Another gene related to HL, clpP J, was discovered in Synechococcus sp. 
PCC7942 [271]. CipPJ encodes for the catalytic subunit of the protease ATP-
dependent Clp protease and it may playa role in Dl turnover [252, 271]. 
These discoveries led to the belief that many light responses are regulated at the 
level of gene expression, and therefore a DNA microarray analysis of 
Synechocystis, under varying light conditions was conducted [121]. In this study, 
more than 160 differentially regulated genes were identified during both short-term 
(15 min) and relatively long-term (15 hours) when shifting from 20 to 300 J.LIIlol 
photons m-2 s·\ [121]. As expected, many of these changes occurred in genes which 
encoded thylakoid located complexes. Genes which encoded for subunits of PSII 
and reaction centre protein D 1, increased immediately (15 min) but decreased 
thereafter. However, transcript levels for reaction centre protein D2, CP47 and 
CP43 (Figure 2.10) decreased in the short-term and then returned to 50-100% of the 
original level after 15 hours [121]. Several transcripts encoding for the oxygen-
evolving complex (psbO, psbU, psbV) were down-regulated almost 2-fold. Almost 
all PSI subunit related genes were down regulated in HL, and this is similar to 
findings in the study by Kawamura et ai., 22 years earlier [265]. Differences in the 
regulation of genes encoding for phycocyanin and allophycocyanin were explained 
by their relative positioning on phycobilisomes, where the former exist in the core 
and the latter in the rods (Figure 2.10) [121]. Inductions due to HL were also 
observed in ndh genes which encode for subunits of NADPH dehydrogenase, 
indicating increased C02 uptake. C02 fixation by Rubisco is a rate-limiting step 
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during HL saturation, and therefore increasing its abundance helps dissipate excess 
energy [121]. As predicted, transcripts encoding for stress proteins, for example, 
superoxide dismutases, heat shock proteins, GroEL and GroES, were up-regulated 
in HL, some transiently and others during the long-term [121]. 
The short-term (30 min) and long-term (12 hours) response of several cyanobacteria 
to light stress was also studied from the perspective of stress associated genes [272]. 
In this case, a set of genes as highlighted as essential in adaptation to HL in 
Synechocystis, P. marinus MED4 and P. marinus MIT9313 and included groEL, 
groES and dnaK2, with the response in P. marinus MED4 appearing to be the 
strongest [272]. 
2.6.2 Proteomics of light stress 
Responses to light intensity have received littl~ attention at the proteome level. 
However, a very recent proteomic study was conducted on the alga 
Chlamydomonas reinhardtii examining HL (2000 Jlmol photons m-2 S-I) stress. A 
2DE approach was used for protein separation and visualisation and PMF for 
identification [273]. Interestingly, only two proteins (heat shock protein and 
oxygen-evolving enhancer protein) out of the 32 differentially expressed proteins 
have been previously associated with HL stress, albeit through transcriptomic 
studies. Of these 32 proteins, some were carbon-fixation related, molecular 
chaperones, or belonged to the light harvesting complex [273]. Other proteomic 
studies have examined the HL response of a specific cellular compartment, for 
example, the thylakoid proteome in Arabidopsis [274] where the role of oxidative 
stress defence was prominent, or methodology based studies focussed on light-
related groups such as light harvesting proteins [275]. 
2.6.3 Prochlorococcus mar;nus 
In 1988, the cyanobacterium Prochlorococcus was discovered [15] and found to 
reside in nutrient poor oceans, which were also thought to be void of living 
organisms. It is the smallest known photosynthetic organism on earth, with a cell 
size around 0.5-0.7 Jlm [16]. Since their discovery in this hostile habitat, the interest 
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in their ecological impact has increased greatly, mostly because they are believed to 
contribute to two-thirds of the oceans' primary production [276]. Significantly, half 
of the global primary production is estimated to occur in the oceans [277], and the 
substantial contribution from Prochlorococcus means they play an important role in 
nutrient cycling and global climate control. The increasing interest in 
Prochlorococcus has meant that at least twelve different strains have now been 
fully sequenced [152], assisting genetic studies [16, 155, 278-280] into this 
microorganism's environmental adaptation strategies. 
Prochlorococcus marinus is characterized by a novel complement of pigments [16] 
including divinyl derivatives of chlorophyll a and b, referred to as a2 and b2. Unlike 
other cyanobacteria that harvest light using phycobilisomes (extrinsic multi-subunit 
complexes), its major light harvesting complex is a protein which binds chI a2 and 
~ and is situated in the thylakoid membrane [281]. Remarkably, it can be found on 
the surface of the ocean where levels of light are high, and up to 200 metres below, 
where natural light is in very small quantities. Prochlorococcus is able to adapt to 
these varying light conditions due to different ecotypes that differ in pigment 
composition [157]. The LL ecotype grows optimally deep below the ocean surface 
where the amount of light can be as low as 1 f.Ullol quanta m-2 S-1 and is 
characterised by a high ratio of chI b2/a2 and the possession of multiple antenna 
genes (pcb genes) [282]. The genotype of the most distantly related HL ecotype is 
only 2.7% genetically distinct in its 16s rRNA sequence [157], but contains a low 
ratio of chI ~/a2 and only one pcb gene [282]. The availability of solar light is 
therefore a major controlling factor for the ecological distribution of 
Prochlorococcus strains [280,283,284]. 
Despite the HL ecotype being dominant near the ocean surface, it can also survive 
deeper into the ocean where light levels are much lower. However, the LL ecotype 
is unable to grow at the high irradiances experienced on the oceans' surface [285] 
and sudden light changes have been shown to damage the PSII reaction centre due 
to high energy [16]. MED4 is a HL adapted strain of Prochlorococcus, and 
therefore can survive in a range of light intensities. The surface ocean waters are 
subject to more rigorous mixing than deeper waters, and this could subject cells to 
rapidly changing irradiances [286]. Its genome is fully sequenced and annotated, 
and is the smallest known photosynthetic prokaryote genome at 1.66 Mbp, much 
smaller than the LL strains [279]. In relation to its preferred environmental 
conditions, MED4 possess many more HLIP's and photolyases to repair DNA 
damaged by UV light, compared to its LL counterparts [285]. Interestingly, P. 
marin us is more susceptible to sunlight due to its A+C rich DNA. MED4 has one of 
the highest A+T contents (69.2%) [278] for bacteria, and this means it is more 
susceptible to DNA damage caused by UV -induced thymine dimers. Whether cells 
have specific mechanisms to overcome this sensitivity, or whether the increased 
likelihood of mutations is an advantage to P. marin us strains remains unclear. 
Prior to this thesis work, no published studies have examined the proteome in this 
microorganism, despite several strains having their genomes fully sequenced. 
Therefore, in Chapter 6, as well as investigating the protein expression changes of 
strain MED4 which are required to adapt to three different light intensities, the 
proteome is characterised for the first time (refer to secti()n 1.4, 'Hypothesis, aims 
and scope'). 
2.7 Conclusions 
In this chapter, a background to the field of proteomics was presented with 
emphasis on the techniques which are available. Subsequently, areas where 
improvements have been made were discussed, which have expanded the 
applicability of the field in answering diverse biological questions. Cyanobacteria 
are studied in this thesis and therefore a brief introduction to these prokaryotes was 
presented, with a more detailed review of what is currently understood regarding 
their ability to adapt to different environmental conditions. The most studied 
cyanobacterium, Synechocystis, is the subject of study in the following chapter (first 
experimental chapter), and therefore allows direct comparisons of the data and 
conclusions generated (using the methodology applied) with previous studies. With 
the addition of transcriptome analysis, the way in which findings fit in with 
subsequent experimental chapters (Chapters 4, 5 and 6), is made clearer. 
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Chapter 3: The Synechocystis response 
to high salt using high-throughput 
proteomics with quantitative real-time 
PCR 
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3.1 Introduction 
As discussed in Chapter 2, processes associated with modem day agriculture lead to 
loss of irrigated land for crop plant cultivation, specifically due to increasing 
salinity levels [7]. Due to their ability to perform oxygenic photosynthesis, 
cyanobacteria provide favourable models for understanding metabolic processes in 
higher plants, and therefore cellular responses to salt. The unicellular 
cyanobacterium Synechocystis has the remarkable capability of surviving in non-
saline environments and high saline conditions (up to 1.2 M or -7%NaCl) [161], 
and has been the representative species for cyanobacterial salt tolerance studies [60, 
177, 178, 181, 210, 211, 233, 242]. Therefore, an investigation of the proteomic 
response in this model organism forms the first experimental part of this thesis. As 
reviewed in Chapter 2, despite the ability of Synechocystis to survive in extreme salt 
conditions, proteome or transcriptome responses to more than -4% NaCI have not 
been conducted, and one possible reason for this trend in proteomics may be the 
unattractive prospect of working with high salt, which is known to cause 
detrimental effects on major proteomic techniques including isoelectric focusing 
and MS. However, extra sample preparation steps can be performed to remove the 
salt, and proteomic studies have been performed at 6% NaCI in other organisms 
including food-borne pathogen Listeria monocytogenes (using 2DE with MALDI-
TOF) [287] and endospore-forming Bacillis subtilis (using 2DE with dual channel 
imaging) [225]. Furthermore, protein separation and quantitation has invariably 
been performed using 2DE. 
It is argued here that studying salinity adaptation in this organism using 
densitometry-based quantitation with 2DE, does not have sufficient accuracy to 
highlight the majority of essential adaptive proteome responses. It has been shown 
previously that immediate changes at the gene and protein level, in response to 
external stresses, can be significantly different than the changes which exist in the 
adaptive state, and importantly, changes may even be less pronounced [60,61]. The 
accuracy of densitometry-based quantitation means limitations exist in identifying 
potentially significant relative expression changes, most notably those under 2-fold, 
and therefore a more quantitatively accurate high-throughput method is desirable. 
2DE also limits proteome coverage because it is poor at identifying low abundance 
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proteins and it is exclusive to soluble proteins within the isoelectric range dictated 
by IPG strips [46, 56, 72]. Implementing an alternative protein or peptide 
fractionation method will potentially increase proteome coverage, and elucidate 
more information. 
In this chapter, a large-scale survey of the longer-term (9 days and > I doubling 
time) response of Synechocystis cells to high (6%) salt using a shotgun-based 
system is perfo.rmed. Quantitation is achieved using isobaric tags (iTRAQ). iTRAQ 
is powerful in that it enables the comparison of several phenotypes in one 
experiment, permitting the inclusion of biological replicates. Quantitation occurs at 
the MSIMS stage (Figure 2.3). It has several advantages over densitometry and 
labelling proteomic techniques [86, 288, 289] (see Chapter 2, section 2.2.2). 
Samples will be analysed by two different workflows implementing different online 
chromatography, MS and bioinformatics analysis (for protein quantitation, 
identification and relative differential expression) systems. The data from the two 
workflows is first compared and then combined for discussion of salt adaptive 
strategies. 
The differential expression of a selection of proteins is then tested further by 
designing primers for the protein-coding gene, and measuring relative transcript 
levels over a time-series. This will allow further understanding of the relationship 
between shock and adaptation, but mostly between transcript and protein levels, 
particularly when post-transcriptional control can be postulated. A recent study 
compared transcriptomic and proteomic data from salt shocked microbial cells and 
revealed that ca. 40% of the proteomic changes were not detected previously at the 
RNA level, highlighting the importance in conducting protein-level analyses [61]. 
Discussions of salt adaptive responses are conducted with reference to existing 
global transcriptomic and proteomic studies. 
The ultimate aim of this chapter is therefore to demonstrate how increased 
knowledge of the salt response in a well-studied system can be generated using our 
large-scale directed, proteomic methodology. The applicability of the method to 
identify more subtle changes in protein abundance and the relationship between 
proteins and transcript levels are also demonstrated. 
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3.2 Material and methods 
3.2.1 Culturing and cell preparation 
Replicate flasks of axenic cells of Synechocystis were grown in batch culture, with 
continuous shaking (220 rpm) in 250 ml flasks at 25°C, 12 hour light-dark cycle at 
90 J.l.Einsteins m"2 S"I, in BGll medium [135], buffered to pH 7.4 using 50 mM 
MOPS. For protein extraction, two biological replicate cultures were grown in 
BG 11 media with no salt added, and 50 ml were harvested during mid-exponential 
phase (in the mid-light cycle) at 10,000 x g for 20 minutes at 4°C (Heraeus Model 
Multifuge 3S-R, Germany). Another set of biological replicate cultures were grown 
in BG 11 media supplemented with 6% (w/v) salt and 50 ml were harvested during 
the mid-exponential phase (in the mid-light cycle) for protein extraction. 
For RNA extraction, biological replicate cultures were grown in exactly the same 
conditions as stated in the previous paragraph. Immediately prior to 
supplementation with 6% (w/v) salt, 50 ml of cells were harvested (calibrator 
sample) and this was repeated 2 hours, 24 hours and 9 days after the addition of 
salt. Pelleted cells for RNA extraction were stored in RNAlater solution (AB, 
Framingham, MA, USA) at -80°C. 
3.2.2 Protein extraction and iTRAQ 
Harvested cells were washed 5 times with sucrose based buffer consisting of 50 
mM Tris (PH 7.4), 100 mM EDTA and 25% (w/v) sucrose. Cells were resuspended 
in 1 ml of freshly prepared extraction buffer (40 mM Tris-HCI at pH 8.7, 1 mM 
ascorbic acid, 5 mM MgCh, 1.1 g rl polyvinylpolypyrrolidone (PVPP), ImM 
dithiothreitol (DTT) and a 5% (w/v) protease inhibitor cocktail (PIC». Four rounds 
of liquid nitrogen freezing with mechanical cracking using a mortar and pestle was 
performed to extract as much protein in as little volume possible. The crude extract 
was centrifuged at 21,000 x g for 30 min at 4°C, and the supernatant containing 
soluble proteins was placed into a fresh microcentrifuge tube. Protein quantitation 
was performed using the RC DC Protein Quantitation Assay (Bio-Rad, 
Hertfordshire, U.K.). 100J.l.g protein per phenotype was added to a new 
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microcentrifuge tube and proteins were precipitated in a 1:5 ratio of ice-cold 
TCA/acetone (with 20mM DTT), overnight at -20 °C. Proteins were recovered by 
centrifuging at 21,000 x g for 30 min at 4°C. The resulting protein pellet was 
washed with ice-cold acetone (with 20mM DTT). After a short incubation time for 
drying, the protein pellet was resolubilised in 30 J.1L of 0.5M triethylammonium 
bicarbonate (TEAB) buffer at pH 8.5, prior to protein digestion. 
The iTRAQ procedure ill~strated in Figure 3.1 was followed. In summary, 100J.1g 
of protein for each phenotype was reduced and alkylated using reagents 
accompanying isobaric labels. Trypsin digestion was performed in 1 mM HCI 
solution, overnight in a water bath set to 37°C. Labelling was performed with the 
AB kit protocol with modifications [83]. Labels 114, 115 and 116 corresponded to 
phenotypes grown in low salt (0% w/v), high salt (6% w/v) and high salt (6% w/v) 
(biological replicate), respectively. After labelling, all three samples were combined 
and vacuum evaporated prior to SCX HPLC separation. 
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Figure 3,1: Overview of proteomic procedure used m this study with iTRAQ 
tagging. 
3.2.3 Fractionation by SCX HPLC 
Fractionation of the complex peptide mixture was achieved usmg a 
Poly ULFO THYL A Pre-Packed Column (PolyLC, Columbia, MD) with a 5 ~m 
particle ize and a colwnn dimension of 100 rnm x 2.1 mm i.d., 200 A pore size, on 
a BioL HPL (Dionex, Surrey, U.K.). A low (Buffer A) and high ionic (Buffer B) 
buffer con i ted of 10 mM KH2P04 and 25% acetonitrile, 10 mM KH2P04 and 25% 
acetonitrile and 500 mM of KCl, respectively, both at pH 2.85. The dried combined 
labelled peptid sample was reconstituted in 200 ~L Buffer A, and loaded into the 
HPL at a flow rate of 0.2 ml/min. The fractionation program commenced with 5 
min 100% Buffer A followed by a gradual increment to 40% Buffer B over the 
next 0 min. Buffer B was increased to 100% over the next 10 min, followed by 5 
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min of these conditions. A steep decline of Buffer B to 0% was followed by 10 min 
washing with 100% Buffer A. Peptide elution was monitored via a UVD 170U UV 
detector in combination with Chromeleon software v. 6.50 (Dionex, LC Packings, 
The Netherlands). A Foxy Junior (Dionex) fraction collector was used to collect 
eluted peptides in 60 second intervals and the resulting chromatogram was used to 
pool corresponding less rich fractions. The remaining fractions (28) were vacuum 
dried and stored at -20°C prior to LC-MSIMS analysis. 
3.2.4 LC-MSIMS analysis 
SCX fractions were analysed using two workflows (Table 3.1) with different MS 
systems. In Workflow I (Table 3.1), each fraction was resuspended in low organic 
buffer, Buffer A, (3% acetonitrile, 0.1 % formic acid) and loaded onto a nano-LC 
(Dionex, LC Packings, The Netherlands). A 102 min gradient using high organic 
buffer, Buffer B (97% acetonitrile, 0.1 % formic acid) eluted samples from a 0.075 x 
150 mm analytical column (3Jlm C18 Dionex-LC Packings) directly into a QSTAR 
XL ESI-qQ-TOF-MSIMS (AB; MDS-Sciex) at 300nLlmin. The program consisted 
of 5 min of 5% Buffer B which gradually increased to 30% over the next 98 min. A 
sharp increase to 90% Buffer B over 4 min was then followed by 7 min maintaining 
these conditions. A rapid decline to 5% Buffer B was superseded by 12 min 
washing in these conditions. Each MS survey scan was performed per second and 
over an mlz range of 300 to 2000. MSIMS scans were performed on two selected 
precursors over an mlz range of 65 to 1600. Under manufacturer's instructions, an 
elevated rolling collision energy range was incorporated to achieve optimal 
fragmentation (increment of lOeV compared to standard settings). Samples were 
injected twice to increase proteome coverage and results reliability [82]. 
In Workflow II (Table 3.1), the exact same SCX fractions were also run on a second 
different HPLC and MS instrument with different analysis software. The Agilent 
1200 Series HPLC-ChipIMS system which combines a trap column with an 
analytical column (3Jlm diameter C18 column, 0.075 x 150 mm) on a chip was used 
with the same buffers as the nano-LC described previously, except trifluoroacetic 
acid was used in place of formic acid. In addition, the same buffer gradient 
described previously was used but shortened to 30 min (ca. one third of the time). 
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This system also used nanospray at 300nLlmin for delivery into an AgHent 6510 
ESI- Q-TOF mass spectrometer (AgHent Technologies, Waldbronn, Germany). 
Each MS survey scan was performed per second but MSIMS scans were performed 
on three selected precursors, both over the rnJz ranges. 
Table 3.1: Two workflows implemented to analyse peptide fractions. 
Analysis stage 
HPLC 
Mass 
spectrometry 
Analysis software 
Workflow I 
Nano-LC (Dionex) 
ESI-qQ-TOF-MS/MS (AS) 
AnalystlSioanalyst® and 
ProteinPiiot™ Software v 2.0 
(AS) 
3.2.S iTRAQ data analysis 
Workflow II 
1200 Series-Chip (Agilent) 
Agilent 6510 
MassHunter and Spectrum Mill 
Software v A.03.03 (Agilent) 
In Workflow I, output files from the ESI-qQ-TOF-MSIMS were analysed using 
ProteinPilot™ Software v2.0 (AB, MDS Sciex), which employs the Paragon Search 
algorithm [290]. A Synechocystis proteome database was used to search all spectra 
(3264 entries, retrieved from NCBI, March 2007). All spectra were searched against 
the database using a defined cysteine-fixed modification, mass tolerance of O.1Da 
MS, 0.15Da MSIMS and undefined mis-cleavage tolerances so that all possible 
cleavages would be considered. The results generated included full peptide and 
protein lists. A cut-off value of 70% was assigned to peptide calculations, and 
therefore only these would be used to calculate final protein quantitations. 
Moreover, only proteins with >95% confidence were considered further. 
Normalisation of data was carried out by adjusting the median ratio of all 
quantitations towards unity. This is based on the assumption that most proteins 
would not change in abundance under perturbed conditions. In Workflow II, data 
acquisition using Agilent 6510 mass spectrometer was performed using Mass 
Hunter workstation. Spectrum Mill Software version A.03.03 was then used for 
peptide and protein identification and quantitation using the same settings as above. 
Normalisation of the median towards unity was performed manually using 
Microsoft Excel. 
There is the possibility that spectra become incorrectly assigned to peptides and 
therefore result in false positive identifications. It is important when using this type 
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of analysis, to provide a guide of the rate of these false positive identifications. 
Several methods of achieving an accurate measure have been proposed recently, 
including a double database strategy approach [67, 82]. This involves searching a 
single genome database and also a much larger mixed genome database, such as, a 
non-redundant database. Therefore, proteins identified in both searches are more 
likely to be correct. Subsequently, a false identification rate can be estimated by the 
percentage of proteins which are identified in the mixed genome database, but do 
not belong to the model organism. Incidentally, an iTRAQ study looking at three 
different organisms, Synechocystis, Sulfolobus solfataricus and Saccharomyces 
cerevisiae [82] adopted the double-database search strategy, and reported a false 
positive percentage very similar to the fraction of proteins that were identified in the 
single genome database only [82]. However, there are disadvantages to this 
approach. It is not clear whether all non-overlapping proteins are definitely 
incorrect, and these would be regarded as false negatives. Additionally, in the larger 
mixed genome database search, the assignment of proteins to closely related 
organisms which share a high degree of homology in proteins is very possible and 
would lead to false positives. An alternative approach to acquire an indication of the 
false positive identification rate is to use a decoy database [91, 98]. A search against 
the proteome of a distant model organism can be used [160], followed by manual 
inspection of the identified peptides. In this study, a decoy database is used but 
consisting of reversed proteome sequences [98], created using Perl script. Two 
reversed cyanobacteria proteomes were included (Nostoc punctiforme PCC73102, 
7672 open reading frames (ORF's) and Nostoc sp. PCC7120, 6130 ORF's) as well 
as reversed Synechocystis, 6130 ORFs. All were retrieved from NCBI RefSeq, 
March 2007. An analysis of variation amongst biological replicate samples was 
used as a guide to select only significantly differentially regulated proteins (refer to 
section 3.3.1). 
3.2.6 RNA extraction 
Total RNA extraction was achieved using a modified version of RNeasy kit 
(Qiagen, West Sussex, U.K). In order to generate time-series information, 50 ml 
cells were harvested (centrifugation at 5000 x g for 5 min at 4°C) during mid-
exponential phase in (i) no salt (t = 0), (ii) 6% salt (t = 2 h after salt addition), (iii) 
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6% salt (t = 24 h) and finally (iv) 6% salt (t = 9 days). Biological replicate samples 
were treated in parallel. These cells were further washed three times with sucrose 
based buffer for 3 min in a cell disruptor (Scientific Industries, NY, USA) followed 
by 3 min centrifugation at 13,000 rpm. Following the final centrifugation step, cells 
were resuspended in 350 ~L Buffer RLT (with 2-mercaptoethanol included). 200 
~g of 0.425-0.600 mm glass beads were added to the sample. Cell disruption was 
achieved by 1 min on a cell disruptor followed by one min cooling on ice. The 
cooling step was incorporated to reduce the impact of possible RNases present in 
cells. This disruption/cooling cycle was performed four times. Samples were then 
centrifuged for 3 min at 13,000 rpm to pellet cell debris. The resulting supernatant 
which contains nucleic acids, was removed and placed into a fresh microcentrifuge 
tube. 250 ~L of fresh 100% ethanol was added to the samples and mixed prior to 
transferring the entire mix to the RNeasy Mini Spin Column. The column was 
centrifuged briefly (15 sec) at 13,000 rpm and the flow-through discarded. 700 ~L 
of Buffer RWI was then added to the column and centrifuged under the same 
conditions and time. Again the flow-through was discarded and a new collection 
tube added to the spin column. Another two washes were performed using 500 ~L 
of Buffer RPE (allows binding of RNA to silicone membrane) centrifuging at 
13,000 rpm firstly for 15 sec, and secondly for 2 min. All flow-through was 
discarded and another 1 min spin ensured the membrane in the spin column was 
mostly dry. Following the replacement of the collection tube with a fresh 
microcentrifuge tube, 30 ~L of RNase-free water was added to the spin column 
membrane. An incubation of 1 min was allowed before a final centrifuge step at 
13,000 rpm for 1 min. The extracted RNA (in 30 ~L) was stored at -80°C for future 
DNase treatment, quantitation and quality verification. 
3.2.7 DNase treatment, RNA quantitation and quality check 
Contaminating DNA in the RNA samples was removed with application of Turbo 
DNA:free kit (Ambion, AB, Framingham, USA). To 30 .~L RNA extract, 3 ~ of 
lOx TURBO DNase buffer and 1 ~L of TURBO DNase enzyme were added, and 
left to incubate at 37°C for 30 min. Following this period, 4 ~L of resuspended 
DNase inactivation reagent was added and the sample was mixed well. 2 min of 
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incubation at room temperature with occasional mixing was sufficient to inactivate 
the DNase enzyme. RNA was recovered in the supernatant after centrifuging the 
sample at 10,000 x g for 90 sec. It is imperative to ensure that no DNase 
inactivation reagent was recovered with the RNA as it can inhibit down-stream 
processes. 
The integrity and size distribution of the DNA-free RNA extract was checked using 
agarose gel electrophoresis. 1.2% agarose gels were made up using 1 x T.A.E. 
(Tris-acetate-EDT A) buffer and 0.5 J-lg mrl ethidium bromide. A 1 J-lL aliquot of 
RNA was removed and added to 2 J-lL 5 x DNA loading dye (Bioline, London, UK) 
and 7 J-lL RNase-free water. This mixture was incubated at 65°C for 5 min, and then 
immediately placed on ice prior to gel loading. Gels were run at 80 V for 30 min in 
1 x T.A.E. buffer. Gel images were captured using a digital camera (Canon, Tokyo, 
Japan) and UV box (model GVM30, Syngene, Cambridge, UK). 
RNA quantitation was performed using RNA-specific fluorescence with the 
QubitTM Quant-iT system (Invitrogen, U.K.) using manufacturer's instructions. 
3.2.8 eDNA synthesis 
Synthesis of cDNA from the total RNA extract was achieved using a Quantitect kit 
(Qiagen). This kit comprises of a brief DNA elimination step, in the event that 
undetectable (by agarose gel electrophoresis) amounts of DNA remain in the 
sample. RNA samples were thawed on ice and a sufficient volume pertaining to 
300ng total RNA was added, to 2 J-lL 7 x gDNA Wipeout Buffer and RNase-free 
water, to make the total volume up to 14 J-lL. This mixture was incubated for 2 min 
at 42°C, and then immediately placed on ice. For cDNA synthesis, 1 J-lL of 
Quantiscript Reverse Transcriptase (RT), 4 J-lL Quantiscript RT Buffer (x 5) and 1 
J-lL RT Primer Mix were added, keeping the mix on ice. Reverse transcription 
occurred at 42°C for 25 min, and the enzyme was subsequently inactivated by 
incubation at 95°C for 3 min. Three negative controls were included- (i) cDNA 
synthesis without RT enzyme, (ii) cDNA synthesis without primers and (ii) cDNA 
synthesis without RNA. The resulting cDNA was quantified using a 
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spectrophotometer (UltraSpec 2100 Pro), diluted to 1500 ng J..I.L-1 and stored at 4°C 
for RT-qPCR. 
3.2.9 Primer design and RT -qPCR 
Primers were designed using Primer Express Software version 3.0 (AB) with 
optimal annealing temperature set to 58-61°C, and length 50-105 bp. Full sequences 
are given in Table 3.2 with optimised running conditions. Genes of interest were 
selected for primer designing following protein quantitation (iTRAQ) analysis and a 
survey of previous studies. The ribosomal gene 23S (rrn23Sa) was used as the 
endogenous control gene [291], and suitability of this gene (insignificant variance 
across the test conditions) was checked using the 'Absolute quantitation' mode on 
the 7500 FAST real-time PCR system (AB). This mode was also used to optimise 
PCR efficiency for all primer pairs to within 90-110% and ensure non-specific 
amplification was not occurring, for example, due to primer dimers. The 'Relative 
quantitation' mode was used to calculate the fold expression changes in genes 
relative to the calibrator sample (0% salt, t = 0). Power SYBR green (AB) was 
implemented for RT-qPCR reactions which contains internal ROX dye to normalise 
any resulting fluorescence in each reaction. The PCR master mix was created using 
the amounts given in Table 3.3 
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Table 3.2: Primer (oligonucleotide) sequences designed for each protein-coding gene (Ta = annealing temperature). 
91 accession Protein name Gene name Forward sequence No. of bases Reverse sequence No. of bases T. Am~licon length 
16329588 16.6 kOa small heat shock protein Hsp17 ACCGGCATCGTAATTAGCTTTAA 23 CCGCCGGGTTATTCCTGTA 19 58 67 
16331408 ASC1-1ike UbiB TCGCCGGTTTTCAACTTACC 20 TATCTCCGGAGCCCATTGC 19 61 67 
16330243 Anti-sigma B factor antagonist IcfG CGCCAACTCAGCCCAATTA 19 CACGGCCATGGTGTCGAT 18 60 64 
16331161 ATP-dependent Cip protease proteolytic subunit CIPP ACTTGGGAATGCCGCTTTT 19 TCAATGCCGACCTGTTGCT 19 60 55 
16332004 Bicarbonate transporter CmpA GTGCCTCCCGCTGAAACA 18 TCTCCAGTGCTAAAAGCATCCA 22 61 65 
16330088 Cell division protein FtsZ FtsZ AAATGGACGGGTGACAATGC 20 CCGAGGTGGCCAAAGAAAT 19 60 56 
16330514 Circadian clock protein KaiC KaiC GGCCGCCAGGGTAGTTTT 18 CGTGGCAGTAGCATTTTAGTAACC 24 61 60 
16330002 Co-d1aperonin GroES GroES CCTACTCCCCTGTGGAAGTCAA 22 GTGCCGGCATACTTGGAATAG 21 59 61 
16329356 Elongation factor EF-G Fus TCTTGGGTTTTGAAGGGTTGA 21 TAGCCGGCACTGGCTTCT 18 59 55 
16330539 Flavodoxin IsiB TCGCCGCCCATTTCTTT 17 CTCAAACCGGCAACACTGAA 20 58 58 
16331386 Fructose-bisphosphate aldolase CbbA ACCACGGGAAGCTTGCAA 18 CATGCAGGCCGCTGATG 17 60 55 
16331104 GIutamate-ammonia ligase GinN CCGGACGGCTCTTCTTTTC 19 AGCCCCTAGCCTCAAAGGTATC 22 61 58 
16330473 Glutathione peroxidise GshP AGGTGGTGGCTCGCTTTG 18 GCCGCCTTGAGATTAGTGTCA 21 60 58 
16330943 GIyceroI-3-phosphate dehydrogenase GlpA GACAATGGCAACGGGTTCTC 20 GCCCCTGGGTAGATGAAGTTT 21 61 62 
16332299 Hypothetical protein 5111106 5111106 CACAACGGCGGCATCTTC 18 GCCCTGGCCAAGCTACAA 18 59 57 
16331261 Molecular chaperone DnaK DnaK ATCCCGAATGGCATTTTCC 19 CCGGGCCAAGTTTGAAGAA 19 58 76 
16330429 Periplasmic phosphate binding protein PstS TTGGTGCCACCGATGCT 17 CCACACCCCGTTTCATCTGT 20 61 60 
2499503 Phosphoglycerate kinase Pgk CCTGCCCACGGACGTAGTAG 20 CAATGTCTAGACCCATCCAACCA 23 60 104 
131288 Photosystem II 44 kOa reaction center protein PsbC CAACCAAGGACCACGGAAGT 20 ACCTGATGCGTTCTCCTTCTG 21 58 80 
16331151 Ribosome releasing factor Fa- CGCATCCCGGCGAATAT 17 GCAGGTAAATTGGCGGAAGA 20 60 57 
16330362 50S function regulatory protein LexA GGACGCAGAGGAAGTGGAA 19 ATGACCCTGAGGGCAAAAAC 20 58 75 
16330619 Superoxide dismutase Sod AGCACCCTGGAGTTCCATCA 20 AGTACCCGCCACTGCATTGT 20 59 75 
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Table 3.3: PCR master mix per reaction. 
Component 
Power SYBR green (2x) 
Forward primer 
Reverse primer 
Template 
Water 
TOTAL 
Volume in 
one reaction 
(I.lL) 
10 
variable 
variable 
2 
variable 
20 
Final 
concentration 
1x 
50-900 nM 
50-900 nM 
8ng 
The amplification program was run in the FAST mode with the following steps (i) 95°C 
for 10 min, (ii) quantitation (x 40 cycles) (95°C for 15s, and 60°C for 1 min). A 
dissociation step was included to verify the specificity of each reaction by displaying a 
change in fluorescence over an increase in temperature. All reactions included a technical 
replicate, which enabled standard deviations of quantitations to be calculated, and 
contamination was assessed by adding no template controls for each gene. Amplification 
of the endogenous control gene was performed on each plate for extra accuracy and 
reliability in the quantitations. Data capture was accomplished using FAST system SDS 
software version 1.4. Relative quantitation of gene expression was achieved using the 
~~CT method [292]. Interpretation of the cycle number where fluorescence reaches a 
particular threshold produced a relative expression of a given gene, which was 
normalised against the endogenous control. Note that quantitative accuracy using this 
method relies on high PCR reaction efficiency (90-110%). Furthermore, PCR purity was 
checked on 1.5% agarose gels 
3.3 Results and discussion 
Synechocystis cells were successfully cultured in both conditions of low salt (0% w/v) 
and high salt (6% w/v) with exponential growth rates of 0.26 ± 0.01 and 0.11 ± 0.01 d-I 
respectively. After addition of 6% salt, mid-exponential growth phase occurred at 9 days 
and therefore ensured cells were fully adapted to the new conditions. Analysis of 
molecular function in these cells is presented and discussed in three main parts. Firstly, 
data from each workflow was analysed and combined. The proteins of interest identified 
as playing a role in adaptation to salt stress are then discussed. Discussions will include 
published data which has been generated from high-throughput global studies of salt 
stress in this organism at the transcriptome and proteome level. Finally, the expression of 
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genes which were selected for analysis in a temporal study will be interpreted in relation 
to the measured protein levels. 
3.3.1 Protein data analysis 
3.3.1. J MS data analysis 
Using a 95% protein confidence cut-off, 207 unique proteins were identified by 6563 
distinct peptides using Dionex nano-LC and AB ESI-qQ-TOF-MSIMS with 
ProteinPilot™ (Workflow I). 77% (24,374) of total spectra were successfully matched to 
peptides at or above the same confidence level. In order to produce accurate protein 
quantitations, only peptides which were referenced to spectra with ~ 70% confidence 
intervals, were used. A bias correction was performed assuming the median of the 
proteome is towards unity. 
Biological and technical variations were calculated and expressed as CV. Firstly, ratios of 
115:114 and 116:114 (6% salt compared to 0% salt in both) were compared using 10gIO 
ratios and the equation below, where SD is the standard deviation of 10gIO ratios. 
Equation 3.1 
The mean average CV across all 207 proteins was 0.20 (± 20%). This is similar to a study 
in which 3 data sets across two iTRAQ experiments gave an average biological variation 
of ± 0.25 [83]. Secondly, it is expected that the ratio of biological replicate samples 115 
and 116 would be close to 1. Therefore, the average ratio was calculated by generating 
the average of the 10gIO ratios, using the error factor generated using the ProteinPilot™ 
algorithm as a weight, and thereby obtaining a weighted average. A comparison of 116 
(6% salt) to 115 (6% salt) using this method gave an average ratio of 0.98. Finally, the 
average RV of biological replicates (115/114 versus 116/114) was calculated using 
Equation 3.2 [84]. 
Ratioxy RV = Absolute deviation of --"'-
Ratiozy 
Equation 3.2 
Where x and z denote test phenotypes (6% salt) and y denotes control phenotype (0% 
salt). The absolute difference between the replicate samples (115 and 116) and 114 
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should be close to unity (1), and therefore deviations here can be used as an estimate of 
error in the replicate samples. A 4% RV was calculated using this data set. 
The programs used for protein identification return the best peptide match for each 
MSIMS spectrum within the database, and these may not be a perfect match. Moreover, 
peptide-to-MSIMS spectra matches may be incorrect (false positives), most likely due to 
coincidental similarity in the fragmentation patterns [293]. To gain a perspective on the 
rate of false positive measurement, files were run against a decoy database. In total, 
10,722 spectra were assigned to valid peptides (~ 80% confidence interval) in the correct 
database search and 24 spectra were identified using the decoy database. Using the 
method described previously by Elias et al. [98], the false positive rate was measured to 
be 0.4%. Therefore, a low percentage (0.4%) of peptide-to-MSIMS spectra matches are 
possibly incorrect [293]. 
The combination of Agilent 1200 HPLC and 6510 mass spectrometer with Spectrum Mill 
version A.03.03 in Workflow II identified 339 proteins. Spectrum Mill implements a pre-
processing step which selects only good quality spectra and merges identical spectral 
information. Autovalidation of results using an in-built algorithm means only peptides 
which exceed a set score threshold and percentage peak intensity threshold are used to 
calculate protein quantitations. The bias correction towards unity was calculated 
manually. The CV was calculated to express biological variations. Ratios of 115:114 and 
116: 114 were compared using 10glO ratios as performed with data generated in Workflow 
I and the mean average CV across all 339 proteins was 0.32. The same criteria described 
above were used for setting a threshold value for significantly differentially expressed 
proteins. The RV between the two calculated ratios of biological replicates (115/114 and 
116/114) was 8.3%. 
3. 3.1. 2 Combining results 
A comparison was made between the protein identifications and quantitations using in 
Workflow I and Workflow II. A total of 381 unique protein identifications were gained 
through both data sets. 165 proteins were identified using both methods, but the majority 
were unique to workflow II (174). Figure 3.1 shows the distribution of protein 
identifications. 
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Workflow I Workflow II 
Figure 3.1: Venn diagram to illustrate unique and shared proteins identified using 
Workflows I and II. 
A correlation was made for all proteins which were identified and quantified in both 
workflows (155) using labels 114 and 115 only (Figure 3.2). A Pearson correlation 
coefficient of 0.74 showed good correlation (where 1 = complete positive correlation and 
o = no correlation). In nine cases (5.8%), quantitations did not correspond well, for 
example, elongation factor EF-G was deemed to be relatively unchanged in 6% salt 
compared to 0% salt (1.06-fold) using Workflow I, whereas the same protein was 2.91-
fold increased in 6% salt using Workflow II. Upon closer inspection, it is possible to see 
that the error factor associated with this protein generated in Workflow I is fairly high 
(4.01) as well as the probability (P)-value (0.70). The quantitation was derived from a 
single peptide identified in 2 MS/MS experiments. In contrast, 3 unique peptides were 
identified and 5 quantitations were >2 fold regulated in Workflow II. 
In another example, compatible solute synthesis enzyme GG-phosphate synthase was 
1.56 and 1.72-fold down-regulated in high salt in Workflow I. This enzyme is expected to 
increase in high salt because of the requirement for osmotic balance in salt adapted cells 
and previou studie a well as results in Workflow II (4.86 and 6.21-fold increase) also 
suggest this [174 191]. In pection at the peptide level reveals that the only peptides 
identified with high confidence (>70%) were not actually quantified, and therefore the 
quantitati n given for thi protein was given for one peptide which had a confidence level 
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of 60% (below our threshold). Examination of the spectra for the two peptides identified 
with high confidence reveals a much larger peak for labels 115 and 116 compared to 114, 
implying more abundance in high salt, and therefore the expected result. It is not certain 
why these peptides were not quantified but it is likely to be the relatively low signal 
intensity (ca. 3 to 7 cps). This example highlights the requirement for manual inspection 
of protein quantitations. 
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Figure 3.2 Correlation of quantitations for 155 proteins across the two workflows. R = 
0.74 (PP- ProteinPilot®, SM- SpectrumMill). 
Unique proteins were selected in order to generate a final list of proteins which would be 
used to interpret biological changes in Synechocystis cells in response to salt. Protein 
identifications and quantitations were only accepted after intense scrutinising by manual 
inspection of the peptide quantitations, mass spectra intensity and quality, as well as 
examination of biological replicates. This produced a list of 378 protein candidates for 
further interpretation, which equates to 11.9% of total predicted protein-coding genes. 
The full iTRAQ results and this final list are presented in Appendix A. 
3.3.2 Cellular adaptations through protein expression 
Differentially expressed proteins from a combined list of proteins generated by careful 
inspection of both workflows were organised into functional groups for further analysis. 
For proteins to be considered as significantly differentially expressed, a suitable threshold 
value needs to be assigned. In addition, the statistical values awarded to each quantitation 
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are important, including the P-value, error factor and the detection of ~2, or the same 
peptide identified over more than one MSIMS experiment (as suggested in the General 
Guideline for Proteomics Data Publication (http://www.mcponline.org/). Moreover, 
differential regulation amongst both biological replicates in the iTRAQ experiment was a 
pre-requirement for further analyses (and therefore two ratios are quoted in the 
discussion). CV and RV calculations presented in section 3.3.1 together with previous 
iTRAQ studies [83, 84], were all considered for appointing a suitably stringent 
significance threshold fold change. A 50% fold change was chosen, and under these 
criteria 34.7% (1311378) of the identified proteins changed significantly in abundance, 
and hence play potentially noteworthy roles in adaptation to high salinity. Table 3.4 
summarises the differentially expressed proteins identified in this study, and also includes 
references to previous studies where proteins or corresponding transcripts have been 
identified as salt regulated in Synechocystis. 
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Table 3.4: Differentially expressed proteins in Synechocystis cells adapted to 6% salt, quantified using isobaric tags. 
Biological Biological Seen previously at protein level Seen previously at transcript level gl rep. 1 rep. 2 
acc:esslon Name Functional groups referencel RatIo CV RatIo CV referencel no short/long tenn short/long tenn no 
INCREASED EXPRESSION IN 6% ACCUMATED CELLS 
16329461 ferredoxin-sulfite reductase 1.82 0.24 1.57 0.24 Amino acid biosynthesis no no 
16330927 sulfate adenyfyltransferase 1.55 0.28 1.51 0.24 Amino acid biosynthesis no no 
16331104 glutamate-ammonia ligase 2.57 0.30 2.72 0.17 Amino acid biosynthesis no no 
16331651 cyanate hydratase 1.52 0.32 1.50 0.25 Amino acid biosynthesis no no 
16332126 ketol-acid reductoisomerase 1.52 0.21 1.57 0.18 Amino acid biosynthesis no no 
16331650 ferredoxin-nitrite reductase 1.86 0.18 1.69 0.28 Amino acid metabolism [61] long term only [60] short term only 
16330763 UDP-N-acetylmuramoyialanyl-D;Jlutamyl-2,6- 1.61 0.29 1.64 0.27 Ce" envelope no no 
diamino-pirnelate-D-alanyl-O-alanine ligase 
16332281 heat shock protein 90 2.24 0.22 1.90 0.20 Ce"ular processes no both short term only 
16330619 superoxide dismutase 2.83 0.13 2.83 0.26 Ce"ular processes [61] short and long term [3] short term only 
16331261 molecular chaperone DnaK 1.59 0.20 1.83 0.20 Ce"ular processes [61] short and long term [3] 
16329588 16.6 kDa small heat shock protein 1.75 0.17 2.10 0.35 Ce"ular processes [61] short term only [50] short term only 
16330002 co-chaperonin GroES 2.61 0.28 2.93 0.35 Ce"ular processes [61] short term only [60] short term only 
16329392 4-alpha-glucanotransferase 2.78 0.00 3.00 0.00 Central intermediary [61] long term only no 
metabolism 
16330944 alpha,alpha-trehaJose.-phosphate synthase 4.86 0.00 6.21 0.13 Central intermediary no no 
metabolism 
16332282 glucose-1-phosphate adenyfyltransferase 1.62 0.30 1.66 0.25 Central intermediary no no 
metabolism 
16331386 fructose-bisphosphate aldolase 1.52 0.27 1.55 0.27 Energy metabolism no [50] short term only 
16331115 phosphoglycerate kinase 2.68 0.26 2.99 0.24 Energy metabolism [61] Long term no 
16331208 dihydro/ipoamide acetyltransferase 2.18 0.31 2.23 0.14 Energy metabolism no no 
16330943 glycerol-3-phosphate dehydrogenase 1.95 0.00 1.52 0.00 Fatty acid, phospholipid and no [50] short and long term 
sterol metabolism 
16331180 hypothetical protein 5111863 10.72 0.25 4.74 0.33 Hypothetical [61] short and long term [50] short and long term 
16331737 hypothetical protein slr0846 1.50 0.34 1.70 0.24 Hypothetical no [3] 
16329942 hypothetical protein s1r1894 1.99 0.19 1.90 0.17 Hypothetical [61] short and long term [60] short and long term 
16330945 hypothetical protein slr1670 4.17 0.27 5.38 0.40 Hypothetical no [60] short and long term 
16329n3 hypothetical protein slr1039 2.14 0.00 2.67 0.00 Hypothetical no no 
16330217 hypothetical protein 5110861 3.57 0.01 4.53 0.05 Hypothetical no no 
16330542 hypothetical protein sl10245 
---.----.----~--
1.75 0.36 1.85 0.38 HVDOthetical no no 
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16330922 hypothetical protein slr1161 1.69 0.13 1.70 0.17 Hypothetical no no 
16331360 hypothetical protein sl10319 2.41 0.24 2.55 0.24 Hypothetical no no 
16332006 hypothetical protein slr0042 1.96 0.39 1.98 0.32 Hypothetical no no 
16332072 hypothetical protein slr0551 2.29 0.36 1.74 0.36 Hypothetical no no 
16330514 circadian dock protein KaiC 3.23 0.41 3.58 0.44 Other categories no (60) long term 
16332149 aconitate hydratase 1.65 0.06 1.66 0.13 Other categories no no 
131288 photosystem II 44 kOa reaction center protein 1.82 0.74 1.80 0.32 Photosynthesis and respiration (224) no 
16330219 apocytochrome f precursor 1.93 0.19 1.69 0.07 Photosynthesis and respiration no no 
16331216 light repressed protein 2.62 0.20 2.52 0.25 Regulatory proteins (224) no 
16329957 DNA-directed RNA polymerase beta subunit 1.60 0.35 1.70 0.32 Transcription no no 
16329913 30S ribosomal protein 59 2.01 0.20 1.81 0.21 Translation (61) short term only (3) short term only 
16329925 30S ribosomal protein 55 1.74 0.20 1.70 0.17 Translation (61) short term only (3) short term only I 
16329927 50S ribosomal protein L6 1.54 0.35 1.67 0.27 Translation (61) short term only (3) short term only I 
16329935 30S ribosomal protein 53 1.68 0.25 1.71 0.25 Translation (61) short term only [3) short term only 
16329941 50S ribosomal protein L3 2.99 0.84 2.27 0.34 Translation (61) short term only (3) short term only 
16330008 50S ribosomal protein L71L 12 2.46 0.19 1.88 0.23 Translation (61) short term only (3) short term only 
16329482 translation initiation factor IF-2 2.38 0.26 2.09 0.09 Translation no [50) short term only 
16329288 translation initiation factor IF-2 1.61 0.05 1.66 0.15 Translation no (60) short term only 
16330189 RNA-binding protein 1.59 0.39 1.75 0.27 Translation (61) short term only (60) short term only 
16332012 RNA-binding protein 2.21 0.11 2.22 0.00 Translation (61) short term only (60) short term only 
16329356 elongation factor EF-G 2.91 0.21 3.17 0.38 Translation no no 
16330433 peptidyl-prolyl cis-trans isomerase 2.07 0.17 2.40 0.18 Translation no no 
16331631 glutamyI-tRNA synthetase 1.83 0.15 2.32 0.08 Translation (61) long term only no 
16332123 elongation factor EF-2 1.70 0.17 1.79 0.16 Translation no no 
16329924 505 ribosomal protein L 15 2.58 nJa 1.95 0.36 Translation no no 
16331324 50S ribosomal protein L35 2.29 0.28 2.63 0.32 Translation no no 
16330084 nitrate transport 45kD protein 1.83 0.14 1.52 0.20 Transport and binding (224) long term only (3) short term only 
16331408 ABC1-1ike 4.27 0.11 4.93 0.16 Transport and binding no no 
16331744 ABC transporter subunit 2.35 0.41 2.66 0.30 TransDOrt and bind ina no no 
DECREASED EXPRESSION IN 6% ACCLIMATED CELLS 
16330243 anti-sigma B factor antagonist 2.70 0.51 2.30 0.22 Unknown no no 
16330576 acetolactate synthase 1.70 0.06 1.75 0.27 Amino acid biosynthesis no no 
16331281 2-isopropylmalate synthase 2.09 0.14 2.40 0.73 Amino acid biosynthesis no no 
16330473 glutathione peroxidase 1.74 0.28 1.99 0.24 Biosynthesis of cofactors, (61) opposite no 
prosthetic groups, and carriers 
--.- --" 
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3023789 Probable dihydroneoplerin aldolase (DHNA) 1.74 0.31 1.85 0.36 Biosynthesis of cofactors, no no 
prosthetic groups, and carriers 
16331030 molybdopterin biosynthesis protein MoeB 1.64 0.48 1.58 0.26 Biosynthesis of cofactors, [224] opposite no 
prosthetic groups, and carriers 
16331608 GTP cycIohydroiase I 2.61 0.11 3.54 0.24 Biosynthesis of cofactors, no no 
prosthetic groups, and carriers 
16331297 ceO division cycle protein 1.62 0.27 1.77 0.36 Cell division down as is growth no no 
16330088 cell division protein FtsZ 1.72 0.21 1.61 0.21 Cellular processes no [3] short term increase 
16331493 heat shock protein; GrpE 1.54 0.21 1.87 0.25 Cellular processes no no 
16329675 urease alpha subunit 1.64 0.23 1.90 0.12 Central intemediary no no 
metabolism 
16330143 glycogen phosphorylase 2.68 0.21 1.83 0.04 Central intemediary [61] no 
metabolism 
16330360 OxPPCycle gene 1.52 0.44 1.70 0.26 Central intemediary no no 
metabolism 
16331023 inorganic pyrophosphatase 2.56 0.27 2.23 0.15 Central intemediary no no 
metabolism 
16331412 bifunctional GMP synthase/glutamine 1.76 0.26 1.99 0.24 Central intemediary no no 
amidotransferase metabolism 
16331862 polyphosphate kinase 1.70 0.35 2.20 0.76 central intemediary no no 
metabolism 
16331645 hypothetical protein sl10887 2.05 nla 1.56 0.22 DNA replication, restriction, no no 
modification, recombination, 
and repair 
2506772 lsocitrate dehydrogenase [NADP] 1.70 0.08 1.61 0.18 Energy metabolism no no 
16329656 glutamate decarboxylase 2.79 nla 1.69 0.18 Energy metabolism no no 
16330043 glucose-6-phosphate 1-dehydrogenase 3.74 0.59 2.33 0.42 Energy metabolism no no 
16331307 6-phosphogluconate dehydrogenase 2.12 0.14 1.90 0.12 Energy metabolism no no 
16331394 ribulose bisphosphate carboxylase small SU 1.90 0.19 2.15 0.19 Energy metabolism no no 
16331464 citrate synthase 1.58 0.15 1.57 0.12 Energy metabolism no no 
16329546 hypothetical protein slr0670 1.52 0.48 2.36 0.24 Hypothetical no no 
16329841 hypothetical protein slr2005 3.84 0.03 2.33 0.03 Hypothetical no no 
16330234 hypothetical protein sl11305 2.56 0.26 2.20 0.23 Hypothetical no [3] 
16330239 hypothetical protein slr1852 3.55 0.19 3.59 0.08 Hypothetical no [3] 
16330242 hypothetical protein slr1855 4.18 0.19 4.68 0.15 Hypothetical no [3] 
16330319 hypothetical protein slr2144 3.42 0.29 2.57 0.03 Hypothetical [61] no 
16330744 hypothetical protein 51r1338 1.97 0.23 1.90 0.11 Hypothetical no no 
16330813 hypothetical protein 5111873 1.89 0.26 1.90 0.31 Hypothetical no no 
16331085 h I protein 5110272 1.98 0.08 3.22 0.19 Hypothetical no no 
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16331120 hypothetical protein sl10359 2.21 0.16 2.09 0.15 Hypothetical no no 
16332260 hypothetical protein 5110446 1.55 0.42 1.66 0.03 Hypothetical no no 
16332268 putative phosphoketolase 3.76 0.17 3.75 0.16 Hypothetical no no 
16332299 hypothetical protein sl111 06 1.57 0.17 1.51 0.15 Hypothetical no [50) opposite 
38505793 hypothetical protein sl18018 1.62 0.11 1.65 0.02 Hypothetical no no 
2499211 protein drgA 2.32 0.06 2.51 0.18 Other categories no no 
16329322 potential FMN-protein 2.03 0.57 2.06 0.27 Other categories no no 
16329908 short chain dehydrogenase 2.28 0.07 2.23 0.08 Other categories no no 
16329971 rehydrin 1.60 0.22 1.57 0.18 Other categories no no 
16330683 hydrogenase large subunit 1.62 0.19 1.57 0.14 Other categories no no 
16330967 soluble hydrogenase 42 kD subunit 1.83 0.05 1.58 0.12 Other categories no no 
16332300 zinc-containing alcohol dehydrogenase family 1.87 0.18 2.23 0.35 Other categories no no 
16329366 carbon dioxide concentrating mechanism 2.25 0.16 2.63 0.36 Photosynthesis and respiration no no 
16329478 allophycocyanin-B 1.81 0.21 2.54 0.10 Photosynthesis and respiration no [3] 
16329710 phycobilisome rod-core linker polypeptide 1.85 0.29 1.86 0.24 Photosynthesis and respiration no [3] 
16329820 phycocyanin associated linker protein 3.86 0.23 4.66 0.17 Photosynthesis and respiration no [3] 
16329821 phycocyanin associated linker protein 3.88 0.34 4.25 0.29 Photosynthesis and respiration no [3] 
16329822 phycocyanin associated linker protein 3.79 0.35 4.80 0.41 Photosynthesis and respiration no (3) 
16329823 phycocyanin a subunit 3.13 0.21 4.32 0.28 Photosynthesis and respiration no no 
16329824 phycocyanin b subunit 2.19 0.29 2.51 0.25 Photosynthesis and respiration no no 
16330467 allophycocyanin b 1.56 0.22 1.68 0.20 Photosynthesis and respiration no [3] 
16330539 flavodoxin 1.83 0.06 2.06 0.19 Photosynthesis and respiration [224] opposite no 
16331106 cytochrome c550 1.93 0.23 2.16 0.18 Photosynthesis and respiration no no 
16331547 chloroplast membrane-assoc 30 kD protein 1.66 n/a 1.63 n/a Photosynthesis and respiration no no 
16332085 NADH dehydrogenase subunit I 1.59 0.16 1.75 0.08 Photosynthesis and respiration no no 
16329790 CheA like protein 3.40 n/a 2.23 0.31 Regulatory no no 
16330362 SOS function regulatory protein 1.66 0.26 1.61 0.34 Regulatory no no 
16331356 transcriptional regulatory protein 1.72 n/a 1.73 n/a Regulatory no no 
16331742 sensory transduction histidine kinase 2.00 0.30 2.96 0.38 Regulatory no no 
16329303 peptidyl-prolyl cis-trans isomerase B 1.85 0.05 2.04 0.09 Translation no no 
16329479 5-adenosyfmethionine synthetase 1.63 0.09 1.52 0.37 Translation no no 
16329894 leucyl-tRNA synthetase 1.59 0.15 2.01 0.11 Translation no no 
16329909 50S ribosomal protein L25 2.00 0.20 1.83 0.14 Translation no no 
16330739 30S ribosomal protein S2 2.09 n/a 3.02 n/a Translation no no 
16331151 ribosome releasing factor 1.55 0.07 1.99 0.11 Translation no no 
_16331161. ATP-dependent Cip protease p~lytic SU 2.38 0.37 2.29 0.27 Translation no no 
94 
16331163 
16331761 
16329434 
16330429 
16330540 
16331793 
16332004 
16332097 
16330022 
aminopeptidase P 2.28 0.15 1.81 0.57 Translation no no 
threonyI-tRNA synthetase 1.95 0.09 1.79 0.15 Translation no no 
iron transport protein 1.75 0.19 1.99 0.23 Transport and binding no no 
periplasmic phosphate binding protein 10.07 0.21 10.38 0.17 Transport and binding [224] opposite no 
iron-stress chlorophyll-binding protein 20.65 0.34 29.62 0.20 Transport and binding no no 
periplasmic iron-binding protein 9.28 0.56 11.08 0.54 Transport and binding [224] opposite no 
bicarbonate transporter 2.09 0.36 3.62 0.24 Transport and binding [224] opposite [61] opposite 
bacterioferritin 1.61 0.17 1.72 0.14 Transport and binding proteins no no 
2.81 nla Unknown no poly(3-hydroxyalkanoat~JIl~ 3.47_ '---_nla 
----_ ... _-
- - - --
--_llQ.._--
-----------
: Functional groups designated by Kazusa (http://bacteria.kazusa.or.jp/cyanobase/Synechocystis/) 
* Studies in which protein or transcript levels have previously been identified as differentially expressed (opposite labelled proteins refer to 
proteins where the direction of expression is opposite (Le. reduced instead of increased expression and vice versa). 
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In the following sections the differentially expressed proteins are discussed in terms 
of previous findings, and care is taken to interpret these effectively because of the 
differences in growth and test conditions (e.g. [3, 60]). Not only do the techniques 
and equipment employed differ (which all contribute to variation) the salt 
concentrations investigated, significance thresholds set for differential protein 
expressions, and the time allowed for cells to adapt to adverse conditions all vary. 
Before discussion of each group of proteins, a brief summary of the present 
knowledge of identified cellular responses is given (in bold type), followed by a 
short hypothesis for this study (italics bold type). 
3.3.2.1 Stress proteins 
Synechocystis responds to ionic, osmotic and oxidative stress caused by high 
salt (up to ,""",0/0) conditions by the synthesis of specific 'stress proteins', for 
example molecular chaperones or anti-oxidative enzymes [60, 61 J. These 
proteins are expected to be increased here although not all are expected to be in 
higher abundance at 9 days adaptation. 
In this study, relative quantitations show that several of these proteins are also 
required in elevated amounts in Synechocystis cells adapted (for exactly 9 days) to 
6% salinity. A 2.24 and 1.90-fold induction (Table 3.4) was seen in heat shock 
protein 90 (Hsp90) and this particular stress protein has not been identified as salt-
induced in previous cyanobacterial proteomics experiments in the short or long-
term. Hsp90 contributes to an array of cellular processes, including protein 
degradation, protein folding and even signal transduction [294]. Its gene transcript 
levels have been seen to increase in response to -3% salt [3] and 4% salt [60] in the 
short-term. In the latter study by Marin et al. [60], transcript levels were not 
induced after 5 days and therefore post-transcriptional control in adaptation to high 
salt is possible, or the prospect that the extent of the salt stress (6% compared to 4% 
NaCI) dictates the amount of stress protein required. 
Anti-oxidative enzyme superoxide dismutase was up-regulated over 2-fold in all 
experiments (Table 3.4) and this response has also been seen in the short-term and 
after 5 days at the protein level [61]. The role of super oxide dismutases is discussed 
in Chapter 2. A similar scenario was seen for molecular chaperone DnaK, although 
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fold increases were less than superoxide dismutases. Although the induction in 
DnaK in response to high salt (4%) has been seen previously at the protein level 
[61], elevated transcript levels have not been seen in the long-term [60]. It is not 
possible to extrapolate at this stage whether this gene is transcribed in the long-term 
and therefore dnaK was a candidate for RT-qPCR analysis (section 3.3.3). The 
stress chaperones, 16.6 kDa small heat shock protein and GroES (co-chaperonin) 
were both expressed higher in 6% salt (1.751 2.10-fold and 1.59/1.83-fold, 
respectively), however, previous studies have identified transcript and protein levels 
to be salt responsive in the short-term only [60, 61]. Not all stress proteins were 
expressed in higher amounts in 6% salt and heat shock protein, GrpE, was reduced 
by 1.66 and 1.72-fold. 
The presence of the majority of these proteins in elevated amounts in 6% salt 
acclimated cells can be used as proof that the techniques and methodology used 
here are suitable for identifying adaptation proteins. 
3.3.2.2 Carbon and energy metabolism 
Enzymes with functions in basic carbon metabolism have been previously 
associated with 4% salt acclimation due to the requirement of large amounts of 
compatible solute, GG. Interestingly, the gene transcripts for some of these 
proteins have only been seen to be induced in the short-term (24 hours) in 4% 
salt. These changes imply higher rates of processes such as glycolysis, pentose 
phosphate pathway and C02 fixation, with control that may exist at the post-
transcriptional level (61). A complex response is predicted here considering the 
diverse functional roles members of this group have. An increase in carbon 
requirement/or GG synthesis is likely to be sourced/rom pathways here. 
Two proteins of carbon metabolism pathways, previously identified as induced in 
4% salt, were also induced here, fructose-bisphosphate aldolase (1.52 and 1.55-
fold) and phosphoglycerate kinase (up to 3-fold). Dihydrolipoamide 
acetyltransferase which is part of the pyruvate dehydrogenase complex (post-
glycolysis) was also over 2-fold up-regulated in high salt. These changes imply 
increased requirement for energy as carbon is metabolised, as has been reported 
formerly [61, 176, 186]. As expected, a large increase (4.86 and 6.21-fold) in a 
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compatible solute synthesis enzyme, 00 phosphate synthase was seen, an essential 
response in salt acclimation. An increase in 4-alpha-glucanotransferase (2.78 and 3-
fold) has also been seen previously in the long-term [61], and may playa role in 
making carbon available for 00 synthesis. This may also explain the 1.62 and 1.66-
fold increase in glucose-I-phosphate adenylyltransferase. These latter two enzymes 
are positioned close together in pathways involving the re-arrangement of carbon 
atoms in glycogen synthesis pathways, and the accumulation of glycogen in salt 
acclimated cells has been reported previously in Synechocystis [196]. 
Many studies conducted previously fail to identify proteins which have reduced 
expression, and although making analysis more complex, these changes are inherent 
to drawing conclusions as to what adjustments in metabolic pathways affect 
adaptation. A reduced amount of glycogen phosphorylase (2.68 and 1.83-fold) 
indicates a reduced amount of glycogen breakdown, and therefore supports the 
supposition of glycogen's role. However, Fulda et al. [61] reported the opposite 
control in cells exposed to 4% salt (3.8-fold induced), and postulated that this 
enzyme could be involved in glycogen synthesis rather than breakdown. We 
hypothesise here that post-transcriptional/translational control may dictate which 
direction this protein functions in response to signals related to salt stress. Further 
work using deletion mutants and techniques to detect PTM's is presently required 
here. 
The cellular response to salt stress can be simply summarised by reporting an 
increase in energy conversion, however, not all enzymes involved in energy 
synthesis are necessarily directly related to energy supply in salt stress. A good 
example of this was reported by Suzuki et al [295], where the kinetic activities of 
enzymes in the glycolytic pathway were investigated in the mangrove tree in 
response to long-term 150 mM salt stress. Fructose-6-phosphate transferase was 
thought to play an important role in the logarithmic growth stage where 
biosynthesis is rapid, however, it is not thought to be directly related to energy 
supply for the removal of salt from the cytoplasm [295]. The role of the PPP 
regulatory control protein OxPPCycle gene appears reduced here (1.52 and 1.69-
fold), but the former biological replicate sample has a high CV compared to its fold-
change (0.44) and therefore this may not confirm an overall lower requirement for 
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this pathway, the functions of which include generating reducing power (NADPH) 
for biosynthetic reactions. In support of overall reduced PPP requirement, the 
reduced expression (2.56 and 2.23-fold) of an enzyme responsible for the hydrolysis 
of pyrophosphate (PPi), which is formed principally as the product of the many 
biosynthetic reactions that utilise A TP, suggests an overall reduction in 
biosynthesis, and linking in with the findings above, these are most likely 
biosynthesis reactions associated with slowed growth rate in 6% salt. 
The proteins discussed above are organised into pathways and presented in on-line 
material such as Kyoto Encyclopedia of Genes and Genomes (KEGG) [296]. 
However, they are rarely associated with one specific pathway, and therefore 
several candidates belonging to the same pathways need to change significantly in 
fold expression, in the same direction, to draw high confidence predictions. The 
differences in proteins involved in energy conversion, synthesis and central 
intermediary metabolism (chiefly carbon) here, require careful examination before 
these predictions can be made. The role of post-transcriptional regulation with these 
proteins requires further analysis, because no differential expression changes in the 
long-term were seen in transcript level data apart from the enhanced production of 
GG phosphate synthase [60]. Furthermore, phosphorylations of proteins have been 
associated with salt shocked Synechocystis cells previously [297]. 
3.3.2.3 Photosynthesis and respiration 
Acclimation to salt (up to 4%) stress in Synechocystis involves re-organising of 
energetic pathways and mainly an increase in electron transport by PSI in the 
thylakoid membranes, and cytochrome oxidase activity in the plasma 
membrane during respiration. Pigment levels are reduced but efficiency of 
electron transfer enhanced (Chapter 2). A reduction in pigments in 6% salt is 
also expected and can be visualised from cells prior to harvesting, and an 
increase in cyclic phosphorylation is expected. 
Fifteen proteins involved in photosynthesis and respiration were differentially 
regulated, 13 of which decreased in expression. As expected, eight are pigment 
proteins and therefore 6% salt leads to pigment loss in cells, as does 4% salt [61]. In 
addition, long-term acclimation does not lead to recovery of these pigments. 
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Cytochrome c550 or PsbV decreased 1.93 and 2.13-fold and is associated with the 
oxygen evolving complex in PSII. Reductions in oxygen evolving machinery has 
been seen previously at the transcript level in both Synechocystis cells (4% salt at 
24 hrs) and in in vitro isolated thylakoid membranes from Synechococcus sp. 
PCC7942 cells [60, 215]. 
Perhaps the most surprising of the proteins identified with reduced expression was 
the electron carrier flavodoxin. This protein has previously been associated as an 
important alternative electron carrier implemented in salt adapted cells of 
Synechocystis (2 to 4% salt) [61,210]. Its marked decrease here implies this role is 
no longer applicable in higher salt (6%). Its non-essential role has been 
demonstrated however, when a flavodoxin mutant displayed reduced cyclic electron 
flow around PSI, but was still capable of acclimation to 2% salt [210]. In PSII, one 
subunit, CP43 increased 1.82 and 1.80-fold in expression. Specific salt-induced 
damage to this subunit may lead to increased synthesis (increased turnover). 
However, oxidative stress is known to actually inhibit repair of salt-damaged PSII 
protein D 1 in cyanobacteria [298]. These results imply variable stoichiometry in the 
complexes. Vipp1 is a protein previously identified as salt-induced in 
Synechocystis, and is believed to transfer reaction centre proteins to the thylakoid 
membranes during stress and therefore replacement of damaged subunits occurs 
[224]. Increased expression of replacement proteins has been observed in light 
stressed cells previously (Chapter 2, section 2.6.1). Finally, apocytochrome f 
precursor, part of the cytochrome b6l'f complex, which is involved in electron 
transfer between both photosystems, increased 1.93 and 1.69-fold in 6% salt. This 
implies increased electron transfer to PSI (non-cyclic photophosphorylation) and 
therefore enhanced energy synthesis. 
NADH dehydrogenase subunit I is part of the larger enzyme complex and involved 
in oxidative phosphorylation in respiration. Despite its 1.59 and 1.75-fold decrease 
in expression in high salt, other NADH dehydrogenase subunits were identified and 
not differentially expressed, for example, beta subunit (1.01 and O. 71-fold change), 
suggesting a stoichiometric change in this complex. A DNA microarray study found 
transcript levels for subunits of this complex to increase immediately in response to 
0.02M (-1.2%) salt, but decrease in response to l.OM (6%) salt [204]. 
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3.3.2.4 Transport and binding proteins 
Saline environments are thought to cause compositional and structural 
changes in the plasma membrane, and this is where the majority of transporter 
proteins are anchored [299]. This has been assumed to affect nutrient uptake 
in 4% salt acclimated Synechocystis cells [224], and therefore lead to an 
increase in expression of nutrient uptake proteins. 6% salt is expected to cause 
similar structural changes and therefore rearrangement of transport proteins is 
also expected, although the extra stress may affect overall energy available for the 
active transport systems. 
In contrast to the results seen in Synechocystis cells adapted to 4% salt (over 6 to 8 
days), four nutrient binding proteins experienced large reductions in expression in 
6% salt. Relative levels of iron transport protein (1.75 and 1.99-fold), periplasmic 
phosphate binding protein (10.07 and 1O.38-fold), periplasmic iron binding protein 
(9.28 and 11.08-fold) and a bicarbonate transporter (2.09 and 3.62-fold) were all 
significantly diminished. Moreover, bacterioferritin which is responsible for storage 
of as much as 50% of cellular iron was 1.61 and 1. 72-fold reduced. It is not certain 
why cells reduce expression of transporter proteins in high salt (6%). Reduced 
growth and overall protein synthesis may mean fewer nutrients are required, 
although further work needs to be done to elucidate the specific reasons for this 
unexpected response. 
Three transport proteins did increase in expression in 6% salt. An ABC-I like 
transporter increased 4.27 and 4.93-fold, and is considered to be a putative 
ubiquinone biosynthesis protein and therefore could be implemented in energy 
generation. This protein or its coding gene has not previously been identified as 
differentially regulated in 4% salt. Another ABC transporter also increased 2.35 and 
2.66-fold. Finally, a 1.83 and 1.52-fold increase in nitrate transport protein was seen 
in cells. Interestingly, the uptake of combined nitrogen has previously been 
suggested to inhibit Na+ ion influx and therefore a mechanism for the protection 
against salt stress in freshwater and brackish water cyanobacteria, Anabaena sp. 
strain L-31 and Anabaena torulosa [300]. This response however, has not 
previously been reported in Synechocystis. 
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3.3.2.5 Transcription and Translation 
The rates of protein transcription and translation have previously been shown 
to increase in salt shocked cells. Ribosomal proteins can become unstable 
during the sudden change in external salinity, and their enhanced synthesis is 
thought to overcome this reaction [61]. An overall reduction in global 
translation (6% salt causes a ca. 100% reduction in growth rate) means a reduced 
expression of related proteins is expected, although increased translation 0/ 
selected proteins essential/or cell survival is expected. 
A 2.91 and 3. 17-fold increase in elongation factor EF-G may occur for synthesis of 
so called 'stress proteins' required for cell survival. Cellular stresses like salt stress 
which lead to global repression of translation, are often accompanied by increased 
translation of selected proteins that are required for cell survival. It is possible that 
increased levels ofmRNA coding for stress-proteins, compete more successfully for 
protein synthesis ability in salt-stressed cells, than transiently expressed mRNA. 
Although the response of the translation machinery summarised in bold text is 
associated with a short-term response to salt stress, 26 proteins involved in these 
cellular processes were identified as differentially expressed in this study, and 13 of 
these proteins experienced over a 2-fold change (in at least one replicate). In 
addition to ribosomal proteins, two translation initiation factors (IF), responsible for 
protein modification, were also present in higher amounts in acclimated cells. 
Transcript levels of IF have been seen to increase higher in Synechocystis after 24 
hours than after 5 days in 4% salt [60], but the data from iTRAQ is collected after a 
complete acclimation period and therefore it is not possible to corroborate this 
change. 
Proteins were differentially expressed in this long-term adaptation study which had 
only previously been shown to change in the short-term (at transcript and protein 
level) [60, 61]), for example, a 2.21 and 2.22-fold increase in RNA-binding protein. 
It is possible that this protein assists in stabilising nucleic acid structures which are 
susceptible to damage caused by changes in water potential and ionic strength. 
Another protein which assists in tackling the detrimental effects of salt in the long-
term is peptidyl-prolyl cis-trans isomerase (2.07 and 2.40-fold increase). This 
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enzyme accelerates protein folding [301]. Finally, the 1.83 and 2.32-fold induction 
of glutamyl-tRNA synthetase has been seen previously in the long-term [61]. 
As mentioned previously, is it important to include proteins with reduced 
expression into the discussion, and 9 proteins belonging to this group were found. 
Not all proteins involved in transcription and translation were expected to increase 
in expression in salt adapted cells because cell growth and division is reduced. This 
is supported by the 1.55 and 1.99-fold decrease in ribosome releasing (or recycling) 
factor. This protein dissociates ribosomes from mRNA after translation IS 
terminated, and therefore its principal function is in bacterial growth [302]. 
3.3.2.6 Hypothetical proteins 
Hypothetical proteins do not have known associated functions. However, it is 
possible to relate putative functions to several of these proteins based on 
coding sequence similarities and many of these proteins play crucial roles in 
salt acclimation (Chapter 2). Adaptation to 6% salt likely requires at least equal 
numbers of hypothetical proteins and the proteomic methodology applied here are 
expected to identify more. 
Hypothetical protein sll1863 had the highest induction in salt adapted cells (10.72 
and 4.74-fold) and this large increase has been seen previously at the transcript 
level in cells grown in 4% salt (>200 fold) [60]. It was identified as newly induced 
in a 2DE based study because the protein spot was not identified in the control gel, 
and hence revealing a disadvantage of 2DE methodology. Unfortunately there is no 
function associated with this protein, and perhaps surprisingly, a mutant strain 
defective in this gene did not show a different tolerance level to salt [60]. It may be 
useful to make a double mutant by also knocking out the gene for sll1862 
considering this gene is co-transcribed with sll1863. Interesting examples include 
the 1.99 and 1.90-fold increase in hypothetical protein slr1894, which contains a 
stress associated DNA-binding domain. A 3.57 and 4.53-fold increase in 
hypothetical protein sll0861 was also seen and this protein harbours a sugar 
isomerase domain, and therefore possibly controls phosphosugar synthesis as part 
of compatible solute regulation. 
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In addition to the 12 induced hypothetical proteins, a further 14 were reduced. 
Interestingly, only four of the transcript levels for these proteins have previously 
been identified as experiencing a reduction in expression in salt (-3% salt) [3]. 
Contrary to this study, hypothetical protein sll1106 was previously identified to be 
induced in salt [3] and therefore it was chosen as a candidate for RT-qPCR analysis 
(section 3.4.3). 
Only -10% of the differentially expressed hypothetical proteins identified using 
iTRAQ have been observed previously in proteomics experiments. 16 of the 26 
proteins were differentially expressed over 2-fold and therefore reach the threshold 
of most proteomics experiments. It is likely that some of these proteins respond to 
higher salt concentrations (6%), whereas others were simply not identified using 
techniques which perform poorly at identifying low abundance proteins. Again, the 
advantage of using the proteomic methodology implemented here is highlighted. 
3.3.2.7 Other proteins o/interest 
This shotgun study identified several proteins which could collectively play an 
important role to assist a cell's survival in high salt. Cell envelope enzyme UDP-N-
acetylmuramoylalanyl-D-glutamyl-2,6-diamino-pimelate-D-alanyI-D-alanine ligase 
(UDP-ligase) is thought to regulate cell shape by controlling the cell wall structure 
[303]. The cell wall in Synechocystis cells and all bacteria protects the cell from the 
environment by providing rigidity to counteract internal osmotic pressure. This 
enzyme is specifically involved in peptidoglycan (also known as murein) synthesis, 
and it is this which provides strength. It is probable that the change in external salt 
concentration means this enzyme is required in larger amounts to produce more 
peptidoglycan and help maintain the overall shape of the cell, and confidence in this 
possibility is increased because of the 2.57 and 2.72-fold increase in enzyme 
glutamate-ammonia ligase, which functions in the same pathway. Both proteins 
have not previously been identified in the salt response, however, genes in the same 
pathway have been shown to be induced in heat-shocked Synechocystis cells [304], 
and an increase in peptidoglycan layers for protection was supposed. 
Glycerol-3-phosphate dehydrogenase was also identified as salt-induced (1.95 and 
1.52-fold) for the first time using proteomics and is thought to play a role in 
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compatible solute accumulation. This enzyme-coding gene has been induced in the 
short-term and long-term [60], and its transcript levels were also investigated in 
section 3.4.3. 
An increase in light-repressed protein has been seen previously at the protein level 
in a study which specifically looked at plasma membrane proteins [224] (Chapter 
2). It was 2.52 and 2.62-fold increased here, and it may be involved in redox state 
changes due to ionic changes. This illustrates the ability of this technique to identify 
and quantify proteins from more than one subcellular fraction in a single study. 
Anti-sigma B factor antagonist was 2.70 and 2.30-fold less expressed in high salt 
and despite not being identified previously at the protein or transcript level, this 
change can be expected. This protein is involved in terminating transcription of the 
general stress regulon and therefore is not required in 'stressed' conditions. Its 
mode of action has been studied in Bacillus subtilis [305], and is illustrated in 
Figure 3.3. It involves sensing salt concentration changes in the environment which 
leads to de-phosphorylation of an anti-anti sigma factor protein. In no salt 
conditions, anti-anti sigma factor is phosphorylated and cannot bind to anti-sigma B 
factor. Therefore, anti-sigma B factor is free to bind to Sigma B, which 
subsequently cannot bind to the promoter to initiate transcription of the general 
stress regulon. In a saline environment, a histidine (response) protein leads to de-
phosphorylation of the anti-anti sigma factor which can now bind to anti-sigma B 
factor (protein identified in iTRAQ) to enable Sigma B to form the transcription 
complex and ready to initiate transcription. It is therefore assumed that a reduced 
amount of anti-sigma B factor makes this process more efficient in adapted cells 
(Figure 3.3). 
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Figure 3.3: The mode of control for transcription of the general stress regulon 
involving anti-sigma B factor in Bacillus subtilis [305], which was 2.7 and 2.3-fold 
reduced in expression in salt acclimated Synechocysfis cells. 
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3.3.3 Salt response at the gene level 
Many proteins acknowledged to play a role in salt acclimation have been 
discovered previously in the long-term, short-term and at both the protein and 
transcript level , for example, superoxide dismutase (Table 3.4). However, there 
were also proteins identified which had opposite fold changes to previous studies, 
for example, flavodoxin was less expressed in high salt, whereas previous studies 
have found this electron carrier to be crucial for Synechocystis cells to successfully 
adapt to ~4% salt [61 , 210]. A selection of protein-coding genes were selected for 
analysis of transcript level changes in response to salt, and with the purpose of 
relating these changes to protein abundance data, a time-series was performed (see 
Materials and methods). Protein-coding genes were chosen on the following 
premises 
i) Proteins not previously associated with salt response (novel study). 
ii) Proteins which were controlled in the opposite direction to previous 
studies (contradictory study). 
iii) Proteins or genes previously associated with salt response (confirmatory 
study). 
iv) Differences between short-term and long-term responses at both gene 
and protein level (shock vs. adaptation study) 
The RNA quality was checked using agarose gel electrophoresis and an example 
gel photograph is given in Figure 3.3. 
23 16S 
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RNA 
RNA 
(technical 
replicate) 
igure 3.3: DNa e treated total RNA extractions (1.2% agarose gel). DNA ladder is 
Hyperladder I (Bioline). 
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In total, 22 protein-coding genes were quantified across the time-series as with 
iTRAQ data, quantitative results were only treated as significant if both biological 
replicates exceeded the I.S-fold threshold for extra stringency. 11 of these had fold 
inductions (at 9 days) which were in the same direction and above the significance 
threshold as protein level changes (at 9 days). The results are discussed below. 
Figures 3.4 to 3.7 show gene expression changes (dotted bars) after incubation in 
6% salt, after 2 hours, 24 hours and 9 days. The dashed bars signify iTRAQ results 
after only 9 days. The values are all relative to time = 0 or 0% salt, and therefore the 
first value is recorded as 1 in all cases. 
3.3.3.1 Novel protein level changes 
RT-qPCR was performed on five protein-coding genes which have not previously 
been associated with a salt response (Figure 3.4). 
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Figure 3.4: Gene expression changes for a) anti-sigma factor B antagonist b) PSII 
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dependent Clp protease subunit. The dotted bars correspond to RT-qPCR results 
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Error bars represent standard deviations (n=2). 
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Anti-sigma B factor antagonist has not previously been identified as an essential 
salt response protein and Figure 3.4a illustrates how the gene transcript levels (icfG) 
decrease after only 2 hours in 6% salt, and remains approximately at this level until 
cells are fully acclimated. This is the first time to our knowledge that this protein 
has been identified in a proteomics salt stress study in Synechocystis, so it is not 
possible to ascertain whether its reduced expression is related to the extent of salt 
stress. As discussed in the previous section, the increase in PSII reaction protein 
was unexpected as previous studies have shown PSII activity to decrease in salt 
shocked and adapted cells, (although this particular protein has not previously been 
identified). Interestingly, as Figure 3.4b shows, an immediate decrease in transcript 
(psbC) level (maximum decrease at 24 hours) was followed by an increase up to 9 
days, and therefore is correlated with protein level changes observed in the iTRAQ 
study. It is possible that an initial decrease in levels of this protein may function as 
damage limitation during initial salt stress, and an increase in expression functions 
to replace damaged reaction centres when cells have adapted. Figure 3.4c shows the 
regulation of the gene encoding the ribosome releasing factor and the corresponding 
protein. The results between the differential expression based on gene and protein 
level on day 9 correlate well with reduced expression. An immediate increase in 
transcript (frr) level occurs after 2 hours of salt stress. This may be due to cells 
initiating the transcription and translation of general and salt stress specific proteins 
crucial for long-term adaptation. Glutamate ammonia ligase is involved in 
peptidoglycan synthesis, and this protein was over 2-fold induced in 6% salt. Even 
though one sample has a l.5I-fold increase in the RT-qPCR analysis (after 9 days), 
the biological replicate sample was not differentially regulated after the same time. 
The first example of poor correlation between transcript and protein quantitation 
occurs with an ABC-l like protein (ubiB) (Figure 3.4d). It was induced 4.27 and 
4.93-fold in high salt and therefore postulated to playa significant role in salt 
acclimation. Transcript data shows an immediate reduction in expression (2 hours). 
After a recovery to approximately initial levels (24 hours), the expression of the 
gene after 9 days is again reduced and this final quantitation contrasts vastly with 
protein levels. A discussion on reasons for incongruent results is given in 3.3.4. 
ATP-dependent Clp protease proteolytic subunit is involved in degrading protein 
aggregates during stress and can act as a molecular chaperone [306]. It would 
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therefore be expected to increase in expression in stressed cells, however, in 6% salt 
it decreased 2.38 and 2.39-fold. Figure 3.4e shows that transcripts levels for this 
gene (clpP) also decrease immediately in salt-stressed cells, and remain reduced 
after 9 days, supporting the assumption that this subunit does not play a role in 
acclimation to 6% salt. 
3.3.3.2 Protein level changes in contrast to previous studies 
RT-qPCR was performed on four protein-coding genes which were controlled in the 
opposite direction to previous studies (Figure 3.5). 
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Unexpectedly, expression of electron transfer protein flavodoxin was reduced in salt 
acclimated cells, and RT-qPCR results corroborate these results (Figure 3.5a). 
There was an immediate sharp decrease in expression of the flavodoxin encoding 
gene (isiB) after 2 hours, and this did not recover to the amount present in non-
stressed cells even at 9 days. The relative level of protein and transcripts were 
similar after 9 days, and this supports the finding that this electron carrier does not 
playa significant role in acclimation to 6% salt as has been reported at lower salt 
levels [61,210] . 
Glutathione peroxidise is an enzyme whose principal function is to protect cells 
against damage caused by endogenously-formed hydroxyperoxides. This type of 
cell damage is often a result of secondary stress associated with ROS [195] . A 3-
fold increase in this protein was seen previously in 4% salt-stressed cells [61], as 
well as a transient increase in transcript levels [60]. In agreement, the RT-qPCR 
results also showed a transient increase in transcript (gshP) levels (Figure 3.5b). It 
seems likely that after the initial response to oxidative stress, cells which are 
acclimated to the external conditions and have achieved osmotic balance through 
the synthesis of compatible solutes, no longer require this stress enzyme. A very 
large decrease in periplasmic phosphate binding protein was seen in the iTRAQ 
study (10.07 and 10.38-fold). An ABC-transporter which binds phosphate was 
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identified as newly induced in cells adapted to 4% salt [224] , and therefore implies 
that the requirement for phosphate changes significantly in cells adapted to higher 
salt concentrations (6% salt). Figure 3.5c shows that transcript levels (PstS) for this 
protein are only transiently decreased, and in contrast to protein levels, it recovers 
when approaching adaptation (9 days). The predicted alternative effects of higher 
salt concentrations on transport proteins is demonstrated further where bicarbonate 
transporter protein is reduced 2.09 and 3.62-fold in 6% salt. Transcript (cmpA) 
levels are also stably reduced according to RT-qPCR results (Figure 3.5d). As with 
phosphate binding protein discussed above, previous studies show the protein to be 
newly induced in 4% salt [224] , and transcript levels to be over 5-fold induced after 
6 hours [60]. 
3.3.3.3 Confirmatory protein level changes 
RT-qPCR was performed on six protein-coding genes which have previously been 
associated with salt response (Figure 3.6) 
100 
I 10 
.. 
0 
.. 
.., 
.. 
-c 
.2 
.. 
.., 
:::I 
~ 
.E 
0.1 
a: Glycerol-3-:phosphate dehydrogenase 
I'" L" · . . . . . ' ... . .. ,.. ., . · . . , . . . ,.,. . . ... . . .... . . .. . .. · . . . . . . . ... . ... . . . . . . . · . . . . . . · , . . . , . . · . . . . . . · . . . . . . . 
o 2 hrs 24 hrs 9 days 
Time 
_ b: Phosphoglycerate kinase 
o 
r.h 
L:J 
2 hrs 9 days 
Time 
113 
c: Circadian clock proJein 
10 
1 
I 
0 2 hrs 24 hrs 9 days 
Time 
------
d:DnaK 
- - -- -
10 
~ j em c . ... ~ 
.2 liJrn f ~ 0 24 hrs ::I ~ . . . . . 
0 .1 
Time 
e: Superoxide dismutase 
"I 1 I 
t 
~ rn ... 
0 2 hrs 24 hrs 9 days 
Time 
f: SOS regul~tory protein 
-:-: . rs 
Time 
114 
Figure 3.6: Gene expression changes for a) glycerol-3-phosphate dehydrogenase b) 
phosphoglycerate kinase c) circadian clock protein d) DnaK e) superoxide 
dismutase f) SOS regulatory protein. The dotted bars correspond to R T -qPCR 
results and the dashed bars signify iTRAQ results. Inductions are relative to t=O 
(0% salt). Error bars represent standard deviations (n=2). 
GlpD transcript levels encoding for glycerol-3-phosphate dehydrogenase have been 
shown to be induced in salt in both short and long-term in a previous microarray 
study [60]. However, the corresponding protein has not been identified previously. 
In the iTRAQ study, this protein was induced 1.52 and 1.95-fold and to corroborate 
these with previous mRNA relative quantitation results and relate these to the 
protein data, transcript levels were quantified (Figure 3.6a). An induction is seen in 
both transcript and protein levels, although the extent of induction is much larger in 
the former. This protein appears to play an important part in both short-term shock 
response to salt and adaptation in the long-term. Phosphoglycerate kinase has been 
identified as a salt-induced protein previously [61], but not at the transcript level. 
The relative quantitation of pgk gene expression produced interesting yet complex 
results (Figure 3.6b), showing an immediate increase on 2 hours, followed by a 
decrease after 24 hours and finally increasing again after 9 days. Transcript and 
protein levels were in strong agreement after 9 days. The gene encoding for the 
circadian clock protein (kaiC) is known to increase in 4% salt in the long-term (5 
days) [60], but hasn't been quantified at the protein level formerly. iTRAQ results 
show a 3.23 and 3.58-fold increase after 9 days, but in contrast to the study by 
Marin et al. [60], transcript levels quantified here were induced in the short-term 
too (Figure 3.6c). Fold changes of both transcript and proteins were very similar 
after 9 days. 
Two further gene transcripts, dnaK and sodA, were quantified for confirmatory 
purposes, and code for stress chaperone DnaK and anti-oxidative enzyme 
superoxide dismutase, respectively. DnaK has previously been induced during short 
and long-term responses to 4% salt [61], and its induction in iTRAQ concurs. Also, 
the immediate response at transcript level to -3% salt [3] was seen using RT-qPCR 
at 24 hours (Figure 3.6d). However, its transcript and protein levels were in 
complete disagreement after 9 days, and this could indicate post-transcriptional 
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control. The same comparison with superoxide dismutase and SOS regulatory 
protein (LexA protein) produced more complementary results (Figures 3.6e and 
3.6f). 
3.3.3.4 Differences in short-term and long-term changes 
RT-qPCR was performed on four protein-coding genes where discrepancies arose 
in regard to short-term and long-term responses between previous work with 
micro arrays, 2DE gels and iTRAQ data presented here (Figure 3.7). 
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Inductions are relative to t=O (0% salt). Error bars represent standard deviations 
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Hypothetical protein s1111 06 does not currently have a putative function, but control 
of its gene transcription was shown to be 12.6-fold enhanced in ~3% salt using a 
DNA microarray in the short-term [3]. The corresponding protein was quantified by 
iTRAQ and found to decrease 1.57 and LSI-fold after 9 days, and these results pose 
the question of whether this protein is only important for a short-term response to 
salt stress. RT-qPCR results seem to suggest this is the case with an increase in 
transcript level only seen after 24 hours (Figure 3.7a). Relative changes in transcript 
and protein levels were in agreement after 9 days. Regulation of energy metabolism 
enzyme, fructose bisphosphate aldolase, has not been previously seen in salt 
tolerant proteomic studies, although its relatively small increase in expression (1.52 
and 1.55-fold) would go undetected in less quantitatively accurate studies. Results 
from RT-qPCR studies show an immediate reduction in transcript levels, followed 
by an increase at 9 days (Figure 3. 7b). Again, relative changes in transcript and 
protein levels were in agreement after 9 days. The iTRAQ study identified a small 
heat shock protein as important for salt adapted cells although only a short-term 
response in protein level has been reported previously [61]. Unfortunately, high 
variance between biological replicate samples meant R T -qPCR results could not 
clarify whether gene (hspJ7) transcription is enhanced immediately, and up to 9 
days after high saline incubation. Cell division protein FtsZ was seen to be 1.72 and 
1.62-fold reduced in expression in high salt using iTRAQ, and this was expected as 
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growth rate slows. Despite this, Kanesaki et at. [3] reported a short-term increase in 
this protein in -3% salt. RT-qPCR and iTRAQ results contrasted completely at 9 
days, with transcript levels reduced and protein levels induced, and therefore post-
transcriptional control may be involved in cell division (Figure 3.7c). Cell growth in 
coordination with cell division is a process thought to be under control of 
translation regulation [307]. The initiation of translation is a complex process, and 
is the main target for post-translational control [307]. Finally, protein and transcript 
levels of stress co-chaperonin GroES have been seen to be induced only in the 
short-term previously [60, 61], whereas iTRAQ results show a 2.61 and 2.93-fold 
increase after 9 days. Analysis of RT-qPCR data shows a general repression in 
transcription of the groES gene despite a brief return to 'normal' levels after 24 
hours (Figure 3.7d). Again, the possibility of post-transcriptional control in 
expression arises to explain its accumulation after 9 days. 
3.3.4 Discrepancies between gene and protein data 
The majority of proteins and corresponding measurements of mRNA levels were in 
accordance, and hence could be used in combination to derive insight into how 
Synechocystis cells acclimate to 6% salt. However, there was strong discordance 
between protein and transcript fold changes for six of the candidate genes, for 
example, in the molecular chaperone DnaK (Figure 3.6d). Such large variations 
imply that protein abundances cannot be predicted by examining gene expression 
data alone, and recent studies have derived similar statistics [124, 126]. It therefore 
becomes essential to consider transcriptomics experiments as an indication only of 
how much functional protein is being synthesised to respond to different external 
conditions. Reasons for differences here include additional post-transcriptional 
mechanisms, for example, translation, PTM's, and mRNA stability and degradation. 
Essentially, cells regulate gene expression and protein abundance separately and 
this can explain some of the variances. Moreover, one gene rarely translates into 
just one protein. Furthermore, regulating translation is particularly important when 
cells are adapting to new conditions because precise changes in protein levels are 
required [307]. 
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Integrating transcript and protein data was not the aim of undertaking RT-qPCR 
experiments in this chapter. It was implemented to illustrate how proteomics can 
reveal the functional state of the cell, whereas transcriptomics more specifically 
predicts this. The rate of corroboration based on the protein-coding genes selected 
does however reveal more information on the cell system as a whole, for example, 
revealing where post-transcriptional control of genes is possibly occurring. Table 
3.5 contains a selection of studies where mRNA and protein levels in perturbed 
state cells were compared. The rate is calculated based on actual values of relative 
fold change as opposed to expression changes which are aimed in the same 
direction (amplitude instead of direction), and using either Pearson correlation 
coefficient or Spearman rank correlation [308], values vary from r = 0.21 to 0.61 
(where 1 = complete positive correlation and 0 = no correlation). These studies used 
global transcriptome and proteome identification tools, and further analysis 
revealed that certain functional groups show higher levels of correlation. For 
example, Ideker et al. [125] found that the correlation between mRNA and protein 
level changes in metabolic and respiratory pathways was higher than the overall 
correlation. 
Table 3.5: Quantitative studies comparing relative mRNA and protein abundance 
changes in control and perturbed cells. 
System 
Liver tissue 
Yeast (S. eerevisae) 
Yeast (S. eerevisae) 
Synechocystis 
Transeriptomies tool 
eDNA mieroarray 
eDNA mieroarray 
eDNA mieroarray 
RT-gPCR 
Proteomies tool 
ICAT, 2DE DIGE 
I CAT 
ICAT 
iTRAQ 
Correlation results 
r = 0.54 
r = 0.21 
r = 0.61 
r = 0.30 
Reference 
[123] 
[124] 
[125] 
(this study) 
The design of the experiment plays a role in understanding correlation. In this 
study, only one time point (i.e. 9 days) is used to measure protein levels and 
therefore no information about immediate protein synthesis is generated. However, 
the temporal transcript abundance data allows a more detailed examination of how 
the cells' transcription machinery responded to the external stimuli. The different 
half-lives of transcripts and proteins (0.1-10 h versus 0.5-500 h, respectively [309]) 
and the delay of protein synthesis (and therefore maximum abundance compared to 
transcript levels) will contribute to discordance, but the inclusion of time-series 
proteome data would assist in improving understanding of their relationship. 
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3.4 Conclusions and implications for further chapters 
In this study, in vitro isobaric labelling was applied to gain an insight into how 
Synechocystis cells adapt to high salt (6%) over an acclimation period of 9 days. 
Using the quantitative power of iTRAQ, protein abundance changes were related to 
essential functional alterations in the cell system, which enabled survival in these 
adverse conditions. Many of these changes have been seen before in previous 
studies using alternative proteomic tools, but novel changes were also discovered. 
For example, increase in energy demand for active extrusion of salt ions and re-
directing control of carbon metabolism enzymes for compatible solute synthesis 
was observed but with proteins not quantified previously. Newly identified 
responses were also attributed to the identification strength of shotgun proteomics 
workflow, for example, the reduced expression of anti-sigma B factor. Moreover, 
the study was based on acclimation to 6% salt, and no previous Synechocystis study 
(to date) has examined such high salt concentrations. In these salt concentrations, 
unexpected results included less reliance on alternative electron flow carrier, 
flavodoxin, and a reduced requirement for several transport and binding proteins. 
The two workflows implementing different peptide fractionation systems, mass 
spectrometers and analysis software, produced complementary results (r = 0.74) and 
a list of proteins identified with high confidence was collated. Unlike previous 
proteomic studies assessing the immediate salt response in cyanobacteria, 
concentrating on adaptation of cells meant smaller expression changes were 
expected (50%). An average CV of 0.20 and 0.32 across the two workflows, from 
all proteins sourced from biologically replicate cells, made this possible. Therefore 
higher quantitation accuracy, often associated with well designed transcriptome 
studies, can be achieved with proteomics, and this provides a platform for further 
studies conducted in this thesis examining similar long-term acclimation strategies. 
The relative transcript abundance of 22 protein-coding genes were also temporally 
quantified to further analyse the functional responses postulated using protein 
abundance changes. Significant quantitation changes were in agreement for half of 
these genes. Moreover, at least one replicate in three other cases gave a response 
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approaching the same conclusion. For example, fructose bisphosphate aldolase 
increased 1.52 and I.SS-fold in expression 9 days after salt stress, and replicates for 
transcript levels showed a 1.2 (not significant) and 1.91-fold (significant) increase 
after the same time period. As a result, there were disagreements in transcript and 
protein profiles, and this was expected. These differences highlight specific cellular 
components or functional groups for further investigation focusing on the role of 
post-transcriptional control. 
In this chapter, our understanding of adaptation in a laboratory representative 
cyanobacterial strain through the use of proteomic tools has been successfully 
demonstrated. In Chapter 4, a more challenging system will be investigated with the 
aim of achieving equally promising insights. 
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Chapter 4: Adaptation of unseguenced 
Euha/othece to varying salt 
concentrations2 
2 This work has been accepted for publication in Proteomics (2008): In press 
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4.1 Introduction 
In Chapter 3, the potential to apply global proteomics to identify important cellular 
processes involved in environmental adaptation, and the ability to highlight areas 
for future functional genomics/proteomics investigations was demonstrated. An 
increase in the number of fully sequenced organisms like Synechocystis has led to a 
concurrent increase in the number of proteomic projects. However, this has also 
meant that unsequenced environmental isolates have been largely ignored. 
Generally, isolating unsequenced microorganisms from environmental samples 
requires the ability to obtain a pure culture the organism in the laboratory, and 
although suitable for microbiological studies, they have remained relatively 
unattractive candidates for proteomic analysis due to protein identification problems 
. [101]. 
The vast potential and importance of studying environmental isolates is becoming 
increasingly recognised. Therefore, recent developments have assisted in proteomic 
studies of unsequenced organisms, an area referred to as cross-species proteomics, 
as introduced in Chapter 2. The rapid growth of completed genome sequences 
means that it is becoming progressively possible to identify proteins of an 
unsequenced organism using conventional protein identification software like 
Mascot. Furthermore, developments in the area of MS and bioinformatics have 
significantly expanded the applicability of cross-species proteomics [101, 102, 105, 
107, 108]. Cross-species studies have been successfully applied to a variety of 
unsequenced organisms to further understand environmental adaptation. Taylor et 
al. [310] studied the impact of a several relevant environmental stresses on a crop 
plant (Pea) mitochondrial proteome using Mascot searches. Another study was 
conducted on the partially sequenced halophilic, unicellular green alga Dunaliella 
[250], as discussed in Chapter 2, where nano-ESI MS was employed in combination 
with sequence-similarity database-searching algorithms, MS BLAST [102] and 
MultiTag [118]. 
In this chapter, the applicability of proteomics tools to understand how an 
unsequenced environmental isolate, Euhalothece, adapts to the conditions of its 
natural habitat (salt lake), was assessed. A method was developed and applied to 
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gain an overview of the adaptive responses. Subsequently, a large-scale global 
proteome analysis was conducted to gain a more significant insight into its 
acclimation processes. Therefore, unlike Chapter 3 where salt adaptation in fully 
sequenced Synechocystis was conducted, identification of proteins is less 
straightforward here, and this warrants a different proteomic approach. The 
intention is to achieve this whilst not compromising quantitative accuracy. 
Euhalothece was isolated from Qabar-Onn salt lake, situated in the central Sahara in 
the south of Libya [161]. A morphological insight and 16S rRNA phylogenetic 
reconstruction analysis was applied to this organism to gain an indication of its 
applicability for homology-based proteomics, and therefore the potential to perform 
a large-scale global study. This unsequenced cyanobacterium can adapt to large 
variances in salt concentration, and unique to this cluster of cyanobacteria, does not 
require salt for survival. Therefore, it represents an ideal system to study cellular 
responses to adaptation in both high and low salt environments. Extreme halophiles 
have generated lots of interest in the last decade [311], however, species which 
tolerate large variances in salt concentration remain less studied. These halotolerant 
organisms pose different but relevant questions because achieving acclimation may 
be much more difficult than maintaining high internal solute concentrations, 
characteristic of halophiles [311, 312]. 
This chapter consists of two parts. Firstly, in Part A, an assessment is made of the 
potential to identify proteins in this unsequenced cyanobacterium through 
conducting an overview of the proteomic response in Euhalothece cells to changing 
salt conditions. This is achieved by combining the separation and visualisation 
power of 2DE, with the cross-species identification and quantitation advantages of 
metabolic labelling [313], where protein identification is performed using 
conventional (Mascot) and homology-based (MS BLAST) techniques. Despite 
technical advancements and algorithm development for identifying proteins from 
unsequenced organisms in complex protein samples, simplifying the proteome 
(using 2DE here) remains favourable because Mw and pI characteristics can be 
used as additional identifiers [103]. A major advantage of using metabolic labelling 
is improved confidence in identification, which is important for unsequenced 
organisms, as well as accurate quantitation [313]. The difference in mass between 
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labelled and unlabelled versions of the same peptide provides extra identification 
evidence, via imposition of an elemental constraint. Using this confirmation method 
here demonstrates its utility in cross-species proteomics. A major drawback in the 
majority of present proteomic studies is the time taken to get a meaningful insight 
into protein abundance changes from initial protein extraction to quantitation and 
identification data. In Part A, using a pre-screen step means only proteins of interest 
(differentially expressed) are selected for quantitation on the MS, saving time arid 
cost, whilst increasing quantitative accuracy. Further validation of protein 
identification and subsequent proof of presence in the Euhalothece genome, is also 
examined through the design of degenerate primers against three parent genes, and 
by sequencing of the resultant PCR-generated amplicons. A comparison of these 
sequences with homologous genes in the NCBI non-redundant database also 
indicates the potential for identifying proteins based on sequence similarity to fully 
sequenced organisms. Hence, whilst Part A is focused on revealing the potential to 
perform a more in-depth proteome study on Euhalothece, and on the salt adaptation 
strategies discovered, the techniques and approach presented will provide a valuable 
protocol for quantitatively screening the proteomes of unsequenced environmental 
strains in a fast and effective manner. 
In Part B, the success of the technique is exploited and developed further to attain a 
large-scale data set. Increasing the proteome coverage allows a more detailed 
analysis of exactly how protein groups and metabolic pathways are involved in 
acclimation to salt stress by looking for similar changes in linked functional 
pathways. Part B also extends Euhalothece adaptation to very high salt (9% w/v). 
PART A 
4.2 Materials and methods 
4.2.1 Culture conditions and cell growth 
Axenic cells of Euhalothece sp. BAAOOI (previously identified using 16S rRNA 
sequencing, NCBI accession number AY457568) were grown in batch culture in 
250 ml flasks at 24°C in modified BOll medium [135]. Three separate cultures 
differing in salt (NaCl) concentration were grown, low (0% w/v), medium (3% w/v) 
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and high salt (6% w/v). Two biological replicate cultures of all three phenotypes 
were generated. The 3% culture was assigned as the reference culture, where the 
major nitrogen source, sodium nitrate (NaN03) was replaced with heavy sodium 
nitrate (NalsN03) for the metabolic labelling strategy. Euhalothece does not have 
the ability to fix nitrogen, and this was confirmed using NaN03 free media, which 
resulted in cell death due to nitrogen starvation. Ferric ammonium citrate was also 
replaced with ferric sulphate in order to eliminate the extra source of unlabelled 
nitrogen. The 3% salt phenotype was chosen as a reference culture because 
Euhalothece grows optimally in this salt concentration (section 4.3.1), and it is 
represents a mid-point for both remaining salt cultures. 
To maximise labelling efficiency of the ISN isotope, bacterial cells were grown in 
the appropriate media for at least eight doubling times [314]. All cultures were 
buffered to pH 7.4 with 50 mM MOPS, and illuminated on a 12 hour light-dark 
cycle at 90 J.1Einsteins m-2 S-I with continuous shaking at 220 rpm. Optical density 
measurements were used to follow cell growth at a wavelength of 530nm using an 
UltraSpec 2100 Pro spectrophotometer (Amersham Biosciences, Buckinghamshire, 
UK). Chlorophyll a concentration was measured at the time of harvesting following 
the method of Mackinney et al. [315]. 
4.2.2 Overview of proteomic workflow 
The proteomic workflow followed in Part A is shown in Figure 4.1, with specific 
material and methods for each step given below. In summary, two cell mixtures 
were made (1) 0% and 3% salt (2) 3% and 6% salt, with the 3% salt culture as the 
labelled reference. These mixtures were subsequently run on separate 2DE gels for 
protein separation, and then compared via densitometry-based quantitation as a pre-
screen. Due to equal amounts of the reference phenotype (3% salt) on each gel, 
densitometry-based comparisons were between the 0% and 6% salt phenotypes. By 
running two different phenotypes on each gel (Figure 4.1) with a reference 
phenotype in common, inter-gel variation can be reduced, thus increasing 
quantitation reproducibility [55, 313]. After gel spot excision, tryptic digestion and 
MS analysis, a comparison of the intensities of the peptides generated in the mass 
spectrum is used to achieve accurate relative quantitation [313]. The difference in 
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mass between heavy and light versions of the same peptide must correspond to the 
difference in the number of nitrogen atoms present, therefore providing extra 
identification evidence via imposition of an elemental constraint. Homology-based 
identification using MS BLAST, was used together with Mascot for protein 
identification, as described below 
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Figure 4.1: Overview of the experimental procedure (NB. this procedure was 
performed with two biological replicates). 
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4.2.3 Cell harvesting, protein extraction and quantitation 
Mid-late exponential phase (0.0.530 = 1.3) cells were taken and two different cell 
mixtures were created: (I) a mixture of 0% and 3% salt cultures, and (2) a mixture 
of 3% and 6% salt cultures. The 0.0.530 value was used to ensure accurate mixing, 
and because this approach has been successfully demonstrated previously [313]. An 
optical microscope was used to compare Euhalothece cell sizes in different salt 
concentrations to ascertain whether variances could affect 0.0. measurements and 
hence accurate mixing. For the same reason, the susceptibility of cells grown in 
different salt concentrations towards homogenization (protein extraction procedure) 
was also investigated. A biological replicate set of these cultures was also treated in 
parallel. In order to remove salts and polysaccharides from harvested cells, and 
enhance protein extraction by weakening the cell wall, cells were washed with 5 
volwnes of a sucrose based buffer as described in section 3.2.2. For protein 
extraction, pelleted cells (centrifugation at 10000 x g at 4°C for 20 minutes) were 
re-suspended in I ml freshly made extraction buffer and soluble protein was 
extracted using mechanical cracking and liquid nitrogen (section 3.2.2). Desalting 
of soluble proteins was performed using a HiTrap desalting colwnn (Amersham 
Biosciences) according to the manufacturer's protocol. The total protei,n 
concentration obtained was quantified using the RC DC Protein Assay (BioRad, 
Hertfordshire, UK) according to the manufacturer's instructions. Figure 4.1 
provides a summary of the proteomic workflow. 
4.2.4 2DE and initial quantitation 
To further remove any persistent salts still present in the sample, 500J..lg of protein 
was precipitated for each protein extract using TCA/acetone as performed in 
Chapter 3. The resulting protein pellet was washed with ice-cold acetone and 
resuspended in 100 J..lL of Destreak Rehydration buffer (BioRad) containing 2% 
Pharmalyte pH 3-10. pH 4-7 zoom IPG strips were passively rehydrated in 330 J..lL 
of the same buffer without Pharmalyte at room temperature overnight. Proteins 
were loaded onto the IPG strip (BioRad) using a cup-loading technique during the 
focusing program [43] on the Protean II IEF cell (BioRad), which had four main 
steps: (i) an initial 9 hour desalting step at 50V (ii) 200V for 1 hour (iii) 1000V for 
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1 hour (iv) a 6 hour linear ramp to 1O,000V and maintenance of this voltage for a 
further 1.5 hours [316]. 
After the first dimension separation, incubation of IPO strips in equilibration buffer 
for 15 minutes with shaking reduced cysteine residues in proteins. The equilibration 
buffer consisted of 0.05M Tris at pH 8.8, 6M urea, glycerol 30% (v/v), 2% SDS 
(w/v) and 2% (w/v) DIT. Alkylation was performed in the dark with shaking using 
the equilibration buffer with 2.5% (w/v) iodoacetamide. Equilibrated strips were 
overlaid in a 1% (w/v) agarose solution layer onto a large format 12% SDS-PAOE 
gel (17 cm x 17 cm x 0.01 cm) and run using Protean II Multicell (BioRad) 
apparatus. Electrophoresis was carried out with an initial constant current of 16mA 
for 30 minutes, followed by a constant current of 24mA for 6 hours. Immediately 
after electrophoresis, gels were stained overnight with Coomassie Brilliant Blue 
0250 dye and deionised water was used for destaining. Technical (2) and biological 
replicate (2) gels were run, and biological replicate spots were selected for 
comparison. A OS-800 Densitometer (BioRad) was used to scan gels for 
quantitation pre-screening, using a resolution of 100 microns. Oel normalisation, 
spot detection and statistical analyses were performed using PDQuest® v7.2 Image 
Analysis software (BioRad). This software identifies differentially expressed 
proteins based on the intensity of protein staining. The pixel intensity of each spot 
identified by this software was normalized against the total pixel density arising 
from all the protein spots on the gel. The normalised spot volume is therefore 
calculated using equation 4.1 
Equation 4.1 
Where NV n = normalised spot volume, V n = volume of spot n, V I = total volume of 
all spots. No internal protein standards of known concentration were included 
making the experiment semi-quantitative at this stage. Differentially expressed 
spots (see section 4.3.2) were selected for MS identification and MS quantitation. 
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4.2.5 Protein isolation and identification 
Selected spots were excised from the gels, de stained and tryptically digested 
overnight in a ZipTip®J.l-CI8 96 well plate (Millipore, Watford, UK). The peptides 
were extracted and cleaned in sequential steps, as described in the manufacturer's 
protocol. Each sample was dried in a vacuum centrifuge (Model 5301, Eppendorf, 
Cambridgeshire, UK) at room temperature, and then stored at -20°C prior to MS 
analysis. Peptides were initially separated on a Pep-Map C-18 RP capillary column 
(Famos, Switchos and Ultimate LC system) from DionexlLC Packings, Amsterdam, 
Netherlands) interfaced to a QStar XL Hybrid ESI-qQ-TOF-MSIMS (AB, 
Framingham, MA, USA; MDS- Sciex, Concord, Ontario, Canada). A 35-minute 
gradient was used, starting with 5% Buffer B (0.1% formic acid in 95% acetonitrile) 
and 95% Buffer A (0.1 % formic acid in 5% acetonitrile) for 3 minutes, followed by 
a ramping to 50% Buffer B over 30 mins, then 90% Buffer B for 5 min and ending 
with 5% Buffer B for a further 5 mins. A flow rate of 300 nLimin was used. The 
MS detector mass range was set to 300 to 2000 m/z, and data acquisition was 
performed in the positive ion mode using information dependent acquisition (IDA). 
Peptides with +2 and +3 charge states were selected for MSIMS. IDA data was 
initially searched using Mascot 2.0 (Matrix Science) in a sequence query type of 
search based on MSIMS spectra against the regularly updated entire non-redundant 
database downloaded from NCB I. . Search parameters included a 1.2 Da peptide 
tolerance and 0.6 Da MSIMS tolerance. One mis-cleavage of trypsin was allowed. 
A carbamidomethyl modification of cysteine was set as a fixed modification, and 
methionine oxidation as a variable modification. The default setting was used to 
gain a high confidence Mascot identification, where a MOWSE score of >38 is 
equal to a significant hit of p<O. 05 [93]. The database search protocol, MS BLAST, 
was also used for protein identification using sequences generated by the 
interpretation of MSIMS spectra (dove.embl-heidelberg.delBlast2/msblast.html) 
[102]. Significant identifications in MS BLAST are colour-coded based on high 
scoring pairs (HSP's) and placed at the top of the output list [101]. If a positive 
identification was not made using both aforementioned methods for a sample, the 
peptide mixture was re-run on the MS. 
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4.2.6 MS quantitation and identification confirmation 
The LC-MS reconstruct tool in Analyst Software (version QS 1.1, AB) was used to 
integrate peptide peak areas in the TOF-MS scans over time. Two sets of peaks 
appeared in each TOF-MS spectrum, corresponding to the l~ labelled and l~ 
labelled phenotype, which were co-eluting. The intensities (peak areas) of these 
heavy and light versions of the same peptide were used for quantitation, by 
calculating the ratio of peak areas. The ratio of intensities and therefore differential 
expression of all proteins were calculated. However, proteins were only treated as 
significantly differentially expressed with fold changes of 1.5 or greater (see section 
4.3.7). In addition, the detection of 2 or more peptides was a prerequisite for 
quantitation significance (which ensured greater confidence in the accuracy of the 
ratio). Statistical evidence was improved by also subjecting the same spots excised 
from a separate biological replicate gel to the same workflow and stringent criteria. 
The mass difference of the mono isotopic peak for the heavy and light version of the 
same peptide (as demonstrated in Figure 4.8) could subsequently be calculated and 
compared to the number of nitrogen atoms present in the identified peptide, using 
an online Proteomics 
(http://db.systemsbiology.net:8080/proteomicsToolkitlIsotopeServlet.html). 
Toolkit 
A 
match thus increases confidence in identification due to the imposition of the N-
constraint. 
4.2.7 Protein data analysis 
All identified proteins were organised into functional groups using annotation based 
on clusters of ortbologous groups (COG's) in the major organism used to identify 
proteins. The cellular location of these proteins was predicted using the program 
PSORTb v2.0 [248]. Lipoproteins are membrane proteins and cannot be predicted 
using this software, and therefore LipoP v1.0 [249] was used, which identifies a 
lipoprotein by a specific signal sequence. 
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4.2.8 DNA extraction, peR studies and 168 rRNA phylogenetic tree 
construction 
DNA was extracted from Euhalothece cells using the MoBio (Carlsbad, CA, USA) 
Ultraclean TM Microbial DNA Isolation Kit. Prior to this protocol, bacterial cells 
were washed three times with 5 volumes of sucrose based buffer. A 
spectrophotometer (UltraSpec 2100 Pro) was used to measure the concentration of 
eluted DNA. DNA was also extracted from Synechocystis cells to be used as a 
positive control in PCR experiments. The sequences of primers for cyanobacterial 
specific 16S rRNA sequences used were forward (CYAI06) 5'-CGG ACG GGT 
GAG TAA CGC GTG A-3', and reverse (CYA781) 5'-GAC TAC TGG GGT ATC 
TAA TCC CAT T-3' [134]. Degenerate primers were designed to amplify the 
Euhalothece lexA gene using mUltiple sequence alignments from cyanobacteria, 
generated using a BLASTx search of the Synechocystis lexA gene. The forward 
primer sequence was 5'-AAG TCG Afr TT AlG GAAC G/A GIT TTACG C-3' 
and reverse primer 5'-CC CIA T CIT CIA A TIC AIT CTGGC G/A GCGAC-3'. 
These primers were used in a temperature gradient PCR reaction (TGradient, 
Whatman Biometra® Goettingen, Germany) with the following program: initial 
denaturation at 94°C for 4 minutes, followed by 30 cycles of 94°C for 30 seconds, 
40°C to 60°C for 30 seconds and 68°C for 30 seconds. The PCR product was run on 
a 1.5% agarose gel, and the DNA (expected size was ca. 300bp) was extracted using 
Qiaex II Gel Extraction Kit (Qiagen, West Sussex, U.K.). Cloning was carried out 
using a Strataclone™ PCR Cloning Kit (Stratagene, Amsterdam, The Netherlands). 
Positive clones were screened using M-13 vector primers in a PCR reaction (94°C 
for 10 minutes, followed by 25 cycles of 94°C for 30 seconds, 55°C for 30 seconds 
and 68°C for 1 minute). Positive clones were grown overnight at 37°C in LB-broth 
and 50 Jig/ml ampicillin. Plasmid DNA was prepared for sequencing using a 
QIAprep Spin Miniprep Kit (Qiagen). Genetic information was submitted to NCB I 
(accession number DQ845140). 
The same procedure was followed using degenerate primers designed and 
constructed for PPP enzyme, phosphoribulokinase and anti-oxidative enzyme 
superoxide dismutase. The forward primer sequence for phosphoribulokinase was 
5'- OIT AT CIT GO Alcrr GT AfT OCCOO AlGIT GA CIT C-3' and reverse 
133 
primer sequence 5' - crr TC AlO T A AlG AlG C Alcrr orr C AlC CA TIT TC -
3', and the forward primer sequence for superoxide dismutase was 5'- T AC G AlC 
C Alcrr Aff C AlO AlC crr GCorr CT C/GGA AlO C -3' and reverse primer 
sequence 5'- crr AO GC C/G GC orr OC crr A AlG AlO IT AlO GC -3'. 
A 16S rRNA phylogenetic tree for Euhalothece was constructed using 16S rRNA 
sequences with MegaJ v1.5 software (see Figure 4.4). The neighbour joining 
method was implemented and a bootstrap analysis using 1000 repeat samplings was 
performed [317]. E.coli strain K12 was used as an outgroup. 
4.3 Results and discussion 
4.3.1 Growth studies 
Euhalothece was cultured in the laboratory with 90 f.1Einsteins m-2 S-I of incident 
light at 24°C with continuous shaking, in three salt concentrations, low (0%), 
medium (3%) and high (6%). It grew optimally in 3% NaCI (0.075 ± 0.001 d-I), 
with growth rates of 0.068 ± 0.005 d-I and 0.052 ± 0.002 d-I at 0% and 6%, 
respectively (see Figure 4.2). Not only did cultures grown in 6% salt have a reduced 
growth rate, but also tended to reach the death phase up to 30% faster than 0% and 
3% salt cultures. Furthermore, pigmentation yellowed towards the end of 
exponential phase for the higher salt concentration. 
Euhalothece has an optimum doubling time of 9.24 days under these conditions, 
and therefore using metabolic labelling is particularly attractive, as two phenotypes 
are run together on one gel resulting in a reduced biomass requirement for the 
whole experiment compared to a conventional2DE proteomics experiment. The ISN 
incorporation efficiency was calculated using open source software Isopro version 
3.0 and by using three peptides from the highly abundant protein, phycocyanin (Oel 
B, spot 2, Figure 4.5), it was found to be 98.45% ± 0.21. It has been shown 
previously that the incorporation efficiency is consistent from protein to protein 
[314]. The 0.D.S30nmwas measured to ensure accurate mixing of cultures, since a 
previous study showed that errors associated with this method of mixing were 
approximately 1 % [318]. 0.0. measurements in this study revealed less than 1 % 
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mixing error, and therefore alternative approaches, for example, normalisation 
against an average ratio calculated from a large data set of l~/lSN ratios, was not 
required. 
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Figure 4.2 Growth rates of Euhalothece in varying salt concentrations in BG 11 
media at pH 7.4 and 24°C. 
Although this method of cell mixing was shown to be suitable in terms of cell 
density, is not certain at this stage whether the protein amounts combined are 
uniform. For example, if cell size varies across the three salt conditions, it will 
interfere with protein amounts in both cell mixtures. Significant changes in cell size 
have been recorded in several Halothece strains, but only at 10% salinity and more, 
and the size can either increase, decrease, or have no significant change [151]. 
Therefore an optical microscope (Zeiss Axioplan 2, Bernried, Germany. lOx ocular, 
lOOx objective) was used to measure the cell length (diameter) for more than 20 
cells (in biological replicate cultures) for four salt concentrations (0, 3, 6 and 9% 
NaCI), taken during the mid-exponential growth phase. The effects of increasing 
salt concentration on cell diameter are presented in Figure 4.3. An unpaired t-test 
was conducted to elucidate whether differences in cell diameter were sufficiently 
significant to affect equal cell protein mixing (0% with 3% salt mixture and 3% salt 
with 6% salt mixture) and both were found to be statistically insignificant (p :s 
0.05). 
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Figure 4.3: Euhalothece cell length variation with changing salt concentrations. 
Inset: photograph of Euhalothece, with cell size measurement using Zeiss 
Axiovision digital imaging software (10 x ocular, 100 x objective). 
The method used in this study utilises the capacity of gel analysis software to 
normalise for minor changes in protein loading and small technical variations. 
Hence, including this extra verification, the method adopted for quantitation was 
deemed acceptable. 
In addition, to validate the effect of salt on the susceptibility of cells towards 
homogenization, protein extractions were performed in duplicate (technical 
replicate) using four salt concentrations (0, 3, 6 and 9% NaCl) and the results are 
shown in Table 4.1. The total amount of protein extracted for each phenotype was 
all within a similar range. 
Table 4.1: Protein extraction from 50 ml Euhalothece cell cultures (O.D.S30nm l.3) 
Protein concentration (mglml) 
NaCl (%) Average Standard deviation 
0 2.29 0.39 
3 2.50 0.50 
6 2.04 0.47 
9 2.16 0.13 
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A phylogenetic tree was constructed using 16S rRNA sequences and is shown in 
Figure 4.4. Species which have a star symbol represent fully genome sequenced 
organisms and therefore, depending on evolutionary distance, can potentially be 
used as source organisms for identifying proteins in Euhalothece. Synechocystis is 
the closest sequenced relative according to this distance tree. It is important to note 
here that these alignments are based on 16S rRNA sequences, and these do not 
necessarily demonstrate the relatedness of their proteomes. Finally, although an 
affiliation with the genus Euhalothece resulted, sequence variations present the 
possibility of a new species. 
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Figure 4.4: 168 rRNA phylogenetic tree for cyanobacteria. The neighbour joining 
method was used with Tajima-Nei calibration and probability analysis by bootstrap 
technique using 1000 repeat samplings [317]. E. coli K12 was employed as the 
outgroup. * : symbol denotes species of cyanobacteria which have their genomes 
fully sequenced and numbers pre-fixed to organisms were added to present different 
train of the ame species. (Euhalolhece sp. BAAOO 1 is underlined). 
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4.3.2 Initial quantitation (pre-screening using 2DE) and variation of 2DE data 
Two 17cm2 gels, per biological replicate set, were run with pI 4-7 IPG zoom strips 
for each Euhalothece cell culture mixture, as shown in Figure 4.S. Gel A is for 
proteins from the 0% and 3% salt phenotypes mixture, and Gel B is for the mixture 
of 3% and 6% salt phenotypes. Both gels show good spot resolution, and an 
overview of the Euhalothece soluble proteome. Over SOO spots were detected in 
each gel, and PDQuest software was used to match these spots. Staining intensities 
were normalised against the total staining intensity on the gel. Proteins were 
categorized as potentially differentially expressed, and then further discussed in the 
text by first consideration of the experimental error determined by comparing 
matching spots from the biological replicate gels, followed by a comparison of the 
experimental error across the two gels shown in Figure 4.S. Firstly, the confidence 
in the reproducibility of the gels was determined by comparison of the same spot in 
the biological replicates, giving an average spot intensity and standard deviation. 
Comparison across the gels in Figure 4.S was then determined by calculating the 
ratio of spot intensity of the s!lffie spot in Gel B (Le. 3% and 6% phenotype mixture) 
with that in Gel A (Le. 0% and 3% phenotype mixture). Examination of the data 
revealed that 94.4% of protein spots which showed a greater staining intensity of 
I.S-fold across gels A and B were significantly greater than a ratio of I (for no 
change in the expression due to salt, a ratio of I is expected), based on standard 
deviation (Figure 4.6). Even though this value is 100% for proteins with a 2-fold or 
greater change, the densitometry analysis is only used as a pre-screen for 
differential protein expression, and therefore using a cut-off of I.S-fold increases 
the likelihood of identifying potentially important salt acclimation related proteins, 
which are further quantified by MS. Using these cut-off values, 69 differentially 
expressed spots from each gel (138 in total) were selected during this pre-screen for 
identification and further quantitation using isotope labels. 
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Figure 4.5: Proteome of Euhalothece. 17cm2 gels, pI 4-7, stained with Coomassie 
Brilliant Blue. Gel A contains isotopically labelled reference culture (3%) with 0% 
salt culture and Gel B contains isotopically labelled reference culture (3%) with 6% 
salt culture. Spots which were not identified are shown in bold type and underlined. 
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Figure 4.6: An error chart based on ratio of relative quantitations with standard deviations, calculated using densitometry data. Relative 
ratios are all expressed higher than one. 
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Table 4.2: Percentage of proteins which are statistically (ratio values with standard 
deviations which do not cross one) differentially expressed when using a variety of 
cut-off values in densitometry-based data (calculations based on biological 
replicates shown in Figure 4.6). 
No. of Total 
Cut off proteins do no. of % proteins do 
ratio NOT cross 1 proteins NOT cross 1 
3 5 5 100 
2 13 13 100 
1.5 34 36 94.4 
1.4 38 41 92.7 
1.3 44 52 84.6 
1.2 50 62 80.6 
1.1 51 66 77.3 
At this stage, the study followed the work flow of a conventional proteomics 
experiment, selecting spots which statistically changed in staining intensity for 
subsequent MS analysis. By comparing the staining intensity between the two gels, 
differences between the 0% and 6% salt phenotype were investigated, since the 
reference phenotype (3%) is present in equal amounts on each gel. 
4.3.3 Desalting samples for 2DE 
Salt did not interfere with the 2DE process, as several desalting steps based on 
techniques available in the literature [316, 319] and developed in-house, were 
combined before protein separation and during the first dimension (where high 
conductivity is used). For example, prior to protein extraction from bacterial cells, 
external residual salt was removed by thoroughly washing the cells with a sucrose 
based buffer (refer to section 4.2.3). The size exclusion matrix in the HiTrap® 
Desalting column (Amersham Biosciences) was then utilised to further remove salt 
from proteins extracted from celllysates. A TCA/acetone precipitation also ensured 
only low salt concentrations would be present in protein samples prior to IEF. 
During IEF, cup loading was used to introduce proteins, which allows a 
concentration maximum of 50 mM salt [319]. A linear pH gradient was stabilised 
across the gel using an increased concentration of Pharmalyte (2%), reducing 
charge-charge interactions during the IEF program. Finally, a 9-hour, low voltage 
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(SOV) desalting step was introduced into the IEF program [316], which assists 
focusing by migrating salt ions to the ends of isoelectric focusing strips. A salt 
removal workflow is presented in Figure 4.7 together with gel images which 
illustrate visually the effects of salt on gel quality when desalting steps described 
above were not implemented. Advantages of this method include simplicity, limited 
samples loss, minimal dilution and low implementation costs compared to 
alternative methods, for example, dialysis or ultrafiltration [320-322]. 
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Figure 4.7: (A) A imple salt removal strategy for proteomic experiments using gel 
electrophoresis for protein fractionation. Desalting steps are in green boxes, 
e ample techniques in circular boxes and parameters in diamond boxes. N.B. For 
halophilic organism the wash step with no salt buffer must be performed at the 
protein e tracti n stage due to cell lyses issues. (B) Euhalothece desalting 
optimi ation t ts. 7cm2 gels, pI 3-10. i) No desalting steps ii) T A/acetone 
precipitation only iii) Desalting column not used iv) Washing buffer step not 
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4.3.4 Protein identification 
Using both Mascot and MS BLAST homology searching, 89 of the 138 excised 
spots were identified with high confidence, or were statistically significant based on 
the criteria given in the methods. Source organisms were all cyanobacteria, except 
for spot 31 a which was the unicellular green alga, Pterosperma cristatum. The close 
relative (on the basis of 16S rRNA comparisons) Synechocystis was the source 
organism for 97% of total peptides and 89% of total proteins identified. These 
identification results are comparable to the cross-species salt tolerance study on 
green alga Dunaliella [250]. More importantly, these results highlight the ability to 
identify proteins in Euhalothece, and hence the strength of conducting further large-
scale proteomics experiments on this environmental isolate. 
Synechocystis was clearly the most used organism for identifying peptides and 
proteins in Euhalolhece, and therefore functional groups based on this organism 
from Kazusa (http://bacteria.kazusa.or.jp/cyanobase/Synechocyslis/index.html) were 
used as a basis for categorization (Appendix B). 
An example of how the identification check using the nitrogen-constraint, and 
subsequent quantitation was performed is depicted in Figure 4.8. It shows the TOF-
MS spectrum of the peptide ASDVEIQGILMGVWR corresponding to the LexA 
protein from Synechocystis. Peaks at mlz = 988.7 and 998.7 represent the unlabelled 
(light) peptide and l~ labelled (heavy) peptide, respectively. The mlz difference 
between the heavy and light version of this peptide is therefore 10. The peptide has 
a double charge, and therefore the mass difference is 200a. The number of nitrogen 
atoms present in peptide ASDVEIQGILMGVWR, calculated using Proteomics 
Toolkit (see section 4.2.7), was found to be 20. Therefore,. the mass difference 
corresponds exactly to the number of nitrogen atoms present in the peptide, 
increasing confidence in the 1.0. of this peptide, and hence 1.0. of the protein. 
Protein hits in MS BLAST provided peptide sequences, together with a direct link 
to Analyst Software v 1.1 for analysis using the aforementioned procedure (Figure 
4.8). 
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Figure 4.8: TOF-MS spectrum of the peptide ASDVEIQGILMGVWR showing 
both isotopic versions. mlz difference is 10; peptide charge is +2; hence mass 
difference is 20Da. Spectrum data is shown at the bottom of the figure with peak 
areas (counts) highlighted. The three highlighted peak area values (5.4209, 6.1909 
and 3.3556) correspond to the highlighted peaks for the light e4N) version of the 
peptide. These areas were summed for quantitation of this peptide (Gel A, spot 9, 
Figure 4.5). Inset: elemental composition of peptide. 
Of the 69 proteins pairs selected for further identification and quantitation (using 
2DE pre-screen), 32 pairs were either identified as the same protein, or both were 
unidentified. For the remaining 37 pairs, different proteins were identified on only 
four occasions (spots 3, 11, 21, 33), and two of these were due to identification of 
very highly abundant photosynthetic pigments, such as phycocyanin (spot 3) and 
allophycocyanin (spot 21). Additionally, the positions of these proteins in the gels 
(spots 3 and 21) did not match their theoretical pI or Mw value, implying a 
smearing effect in the gel, or protein isoforms. These results show the reliability of 
protein matching and protein identifications, since on the occasions when both spot 
pairs were positively identified, the proteins matched 87.9% of the time. MS 
BLAST was used when either; Mascot could not identify the protein, to confirm 
Mascot hits where only 1 peptide was found, or finally where both the pI and Mw 
did not match gel positioning. For example, the homology search identified spot 
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29b as protein ssrOI09 from Synechocystis, whereas Mascot was unable to. The 
HSP score (71) was just below the significant hit score (73), and therefore it was 
classified as a borderline hit. Unfortunately, the N-constraint wi~ the TOF-MS 
spectrum could not be used for confirming the identity of this peptide, due to a very 
low intensity signal (cps) for the heavy peptide version. Similarly, despite a low 
intensity signal, spot 31a produced a borderline hit for the ribulose-l,5-
bisphosphate carboxylase/oxygenase large subunit from the unicellular alga 
Pterosperma cristatum. Nevertheless, the experimental pI and Mw values 
calculated from the 2DE gel position of the spot matched its theoretical values (PI 
6.29, Mw 52.77kDa), and the identification was accordingly accepted. Spot 67a was 
identified as a borderline hit using MS BLAST (uridylate kinase from 
Synechocystis). Its identity was confirmed using the N-constraint, as well as 
matching its pI and Mw values. MS BLAST was unable to confirm the identity of 
several spots which were identified by Mascot with only one peptide (6a1b, 16a, 
35a, 37b, 55b, 57b, 61a and 64a) (Appendix B). 
The identification of the remaining 10 spot pairs was not successful (Appendix B). 
These proteins were not identified due to either sample failure, very low abundance, 
or to the lack of similar proteins (i.e. peptide othologs) presently stored in 
databases. Generally, spot positions corresponded well with predicted pI and Mw 
values. Some proteins were identified across several spots, and this is likely to be 
due to the presence of protein isoforms, potential PTM's and truncated proteins. An 
example of this is transketolase (spots 50a and 64a1b). Spots 34a1b, 39a and 4lalb 
were all identified as translation elongation factors (EF-Tu) with 6, 6, 1, 2, and I 
peptides detected, respectively. However, the Mwand pI only matched for spots 
41a/b. 
4.3.5 Verification of protein identification 
In cross-species proteomics studies, it is important to be able to verify that the 
identification of proteins using MS generated data with a database search, is 
reliable, since it is essentially peptide orthologs to sequenced organisms that are 
being identified by search methods such as Mascot. One approach is to design 
degenerate nucleotide primers for the protein-coding gene, using the sequence of 
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the peptides detected by MS, or alignment files generated from nucleotide 
sequences from related organisms present in nucleotide databases. Successful 
sequencing of the gene provides verification of the protein identification, and 
therefore extra confidence in the identification methods implemented. In this study, 
degenerate primers were designed to amplify the lexA gene in Euhalothece (see 
following section). A temperature gradient PCR revealed that a low annealing 
temperature (42°C) produced a band at approximately the predicted size (280bp), 
based on the positive control lexA gene from Synechocystis (Figure 4.9). An 
alignment of the lexA gene from Euhalothece and Synechocystis showed 86% 
similarity (http://www.ebLac.uklclustalwl). A translated BLASTx search using the 
Euhalothece lexA gene nucleotide sequence gave 97% identity to the LexA protein 
(SOS function regulatory protein) in Synechocystis sp. PCC 6803 (e-value 4xlO-s2) 
and 47% identity to the same protein in Cyanothece sp. CCYOII0 (e-value lxlO-2s). 
These findings validate the use of cross-species proteomic approaches used here to 
identify and confirm the presence of differentially expressed proteins in 
unsequenced, environmental isolates. In this case, peptides detected by the MS are 
othologs of LexA peptides in Synechocystis, which subsequently led to obtaining 
the near complete nucleotide sequence of the LexA protein in Euhalothece 
(accession number DQ845 140). The translated nucleotide sequence of the lexA gene 
produced 122 amino acids. Proteogest [323] was used to tryptically digest this 
sequence and resulted in 28 peptides, 16 of these were common (orthologous) to 
Synechocystis LexA peptides, and three of these peptides were detected by the MS 
(see Table 4.3). Unfortunately, the addition of the Euhalothece LexA protein to the 
database used to search the MSIMS data did not produce any additional peptide 
identifications, possibly due to the small size of this protein. 
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Approx imately 280bp bands 
o A hypcrJaddcr 
igure 4.9: Temperature gradient peR using lexA designed degenerate primers in 
Euhalothece (1.5% agarose gel). Bands of the approximate correct size are visible 
at the lower primer annealing temperatures where less specific binding of primers 
occurs. 
Table 4.3 : Tryptic peptides in confirmation sequenced Euhalothece LexA protein 
(bold type peptides were identified by MS) 
Tryptic peptides in 
common with 
Tryptic peptides in sequenced Euha/othece Synechocystis sp. 
Peptide no. LexA protein PCC 6803 LexA 
1 DLVDDFIVEGDMLlLRSVTGEEEIEDGELV AAR N 
2 SSVFALRVMSNDL VDDFIVEGDMLlLR Y 
3 GVSVIGELKGGELVEADAEEVEK Y 
4 GGELVEADAEEVEKIDFAPLMK Y 
5 SVTGEEEIEDGELVAARIDGR N 
6 VMSNDLVDDFIVEGDMLlLR Y 
7 SVTGEEEIEDGELVAAR N 
8 ILHQKPKGVSVIGELK Y 
9 GGELVEADAEEVEK Y 
10 PMWNSPLSRLEHLR N 
11 GYVDWTDGKAR Y 
12 NKGYVDWTDGK Y 
13 TLRILHQKPK Y 
14 IDGRANSTV N 
15 GYVDWTDGK Y 
16 GVSVIGELK Y 
17 PMWNSPLSR N 
18 IDFAPLMKK Y 
19 IDFAPLMK Y 
20 KSSVFALR Y 
21 SSVFALR Y 
22 ILHQKPK Y 
23 LEHLRNK N 
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24 ANSTV N 
25 ARTLR N 
26 LEHLR N 
27 IDGR N 
28 TLR N 
In addition to the cloning and sequencing of the lexA gene, degenerate primers were 
designed to amplify, clone and sequence genes coding for enzymes 
phosphoribulokinase and superoxide dismutase. In conjunction with the LexA 
protein, both enzymes were identified in Euhalothece using source organism 
Synechocystis. The phosphoribulokinase gene in Euhalothece shows 99% similarity 
to Synechocystis. A translated BLA8Tx search using the Euhalothece 
phosphoribulokinase gene nucleotide sequence gave 100% identity (e-value 3xlO-
96) to the phosphoribulokinase protein in Synechocystis and 87% identity (e-value 
lxl0-88) to the same protein in Cyanothece sp. CCYOII0. 168 rRNA comparisons 
place Cyanothece as a closer relative to Euhalothece than Synechocystis. 
Cyanothece are freshwater or marine, unicellular cyanobacteria and are capable of 
fixing atmospheric nitrogen (see Figure 4.4). The superoxide dismutase gene in 
Euhalothece also shows 99% similarity to Synechocystis. A translated search gave 
98% identity (e-value 9xl0-98) to superoxide dismutase in Synechocystis, followed 
by 81% identity (e-value 4xl0-82) to Cyanothece sp. CCYOII0. 
4.3.6 MS-quantitation using isotopes 
69 differentially expressed proteins were detected on each gel using the pre-screen, 
densitometry-based quantitation. These were selected for further accurate 
quantitation by M8 using the incorporated isotopes. A major advantage of using 
isotope quantitation here, is that all three phenotypes can be compared, 0% to 3% 
salt and 3% to 6% salt. Quantitation of protein differential expression was 
detennined by calculating the area under the identified peptide peaks, as shown in 
Figure 4.8. A comparison of the areas between the labelled and unlabelled peptide 
was used to produce a quantitation ratio. The confidence in this ratio was calculated 
using standard deviation based on the ratio of areas under 3 matching peptide peaks 
(see section 4.3.4). In Figure 4.8, the peaks corresponding to the light (0% salt) 
peptide (spot 9 in Gel A, Figure 4.5) are smaller than the heavy (3% salt) peptide 
peaks. For this peptide, the ratio of peak intensity was 1.35, when comparing 
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growth in 3% salt to 0% salt. It is important to note here that quantitation is 
performed at the peptide level by MS, and therefore multiple proteins per spot is not 
a technical problem as it may be when using stain-intensity-based analysis. This is 
because during densitometry-based quantitation on 2DE gels, if multiple proteins 
are found per spot, it is not clear which protein is responsible for the change in 
staining intensity. However, when LC-MS data is used, each peptide will be 
resolved in time and mass allowing quantitation of each protein. An example of this 
is in Gel A, spot 7 (Figure 4.5), where both superoxide dismutase and phycocyanin 
beta chain were identified. The ratio between the heavy (3%) and light (0%) peak 
for peptide ITGNASAIVSNAAR, belonging to phycocyanin beta chain, was 1.15. 
The ratio for the peptide RPDYIADFLGK belonging to superoxide dismutase was 
1.97 and therefore the change in spot intensity is due to superoxide dismutase. 
4.3.7 Variation and normalisation ofMS data 
To investigate the influence of peptide number on confidence of quantitation, the 
CV was determined when quantifying 2, 3, 5 and 10 peptides per protein. Peptides 
with the highest intensity peaks were selected, and results indicate that quantifying 
3 peptides produced the lowest average CV value. Average CV's were 0.12, 0.11, 
0.12 and 0.16 for 2,3,5 and 10 peptides, respectively. Low abundance proteins had 
the additional problem of noise in the mass spectrum, and the average CV for 
quantitation of random peptides taken from low abundance proteins was 0.26. To 
overcome this problem, an increase in amount of protein assayed would be 
required, achieved by pooling together corresponding spots from different gels. In 
this study, 3 peptides per protein were quantified for statistical evidence, and peaks 
with ion intensities below 40 were not included. 
The average standard deviation of all protein quantitations was 0.12, and a small 
value here was important as changes in peptide intensity are potentially dependent 
upon altered protein digestion caused by trypsin accessibility, and these can be 
revealed by large standard deviations. Biological replicate gels (2) were also run, 
and matching spots were excised, tryptically digested and quantified on the MS. A 
comparison of MS quantitation values gave an overall average CV of 0.09; 
implying results and therefore experimental procedure were reliable within those 
tolerances. Although the isotope quantitations show an average 9% variation 
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between biological replicate spots, differential expressions of at least 50% (1.5 fold) 
were considered as significant (maintaining consistency with densitometry-based 
quantitation). A statistical analysis of the errors across biological replicate isotope 
quantitations is presented in Figure 4.10 and Table 4.4. 
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Figure 4.10: An error chart based on ratio of relative quantitations with standard deviations, calculated using isotope quantitation data. Relative 
ratios are all expressed higher than one. 
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Table 4.4: Calculations based on biological replicates (Figure 4.10) showing 
significance of using a variety cut-off values for differential expression in isotope 
data. 
No. of Total 
Cut off proteins do no. of % proteins do 
ratio NOT cross 1 proteins NOT cross 1 
3 5 5 100 
2 13 13 100 
1.5 26 26 100 
1.4 29 29 100 
1.3 40 40 100 
1.2 51 51 100 
1.1 55 55 100 
4.3.8 Comparison of 2DE densitometry and MS data 
A comparison between the initial quantitation using densitometry, based on the pre-
screening exercise with the 2DE gels, and MS-data from the stable isotope labelling 
is shown in Table 4.5. To compare the changes in differential expression between 
the two methods of isotope quantitation and 2DE, the ratio calculation for the MS 
data was performed as shown below. The 3% salt phenotype was common to both 
gels, and was therefore used as a reference (value 1) for comparing quantitations 
between 0% and 6% gels. Quantitations for the majority of proteins were in 
agreement, for example, in the case of keto I-acid reductoisomerase (Figure 4.5, spot 
54), average ratios of peptide peak intensity of 1.92 ± 0.25 and 0.92 ± 0.01 were 
found for Gel A (0% and 3% salt phenotype mixture) and Gel B (3% and 6% salt 
phenotype mixture) respectively. Therefore, differential expression changes 
between the gels (Gel B/Gel A), standardised against the reference culture, was 
calculated as (0.92 +1)/(1.92 +1) = 0.66. Staining intensity in PDQuest (ppm 0.0. x 
area spot quantitation) was similar at 0.61 (Gel B/Gel A). Using 1.5 fold changes 
for identifying differentially expressed proteins, 6 of the 15 total quantitations 
compared were not in agreement, and one of these was not considered further (spot 
64) because only one peptide was found in Gel A. For the remaining five proteins, 
three were deemed to be differentially expressed using densitometry-based 
quantitation only (spots 4, 19 and 51), and two were differentially expressed using 
isotope intensity only (spots 27 and 28). There were no examples of either methods 
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showing opposite quantitations (increase and decrease In expression and vice 
versa). 
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Table 4.5: A comparison of protein quantitation using the densitometry-based pre-screen image analysis and metabolic-label facilitated MS-
quantitation (determining the ratio of peak areas for 3 peptides per protein). 
Image analysi~ . _ ._ _ _ _ ___ _ _ _ ___ _ _ Isotope ratio 
Gel Gel Densitometry ratio (Gel B/Gel A) Isotope ratio (Gel B/Gel 
Spot ___ 1.9._ _ A· B· !>r6o/!I"oolo ___ Qel~J()CY~%) Gel B (6%13%) A) or 6%/0% 
4 Glutamyl-tRNA(Gln) 1369 3666 2.68 0.95 ± 0.12 1.31 ± 0.15 1.18 
amidotransferase subunit A 
7 Superoxide dismutase [Fe] 25991 47125 1.81 0.52± 0.04 2.60±0.47 2.37 
9 LexA protein 2997 5168 1.72 0.77± 0.05 1.65 ± 0.26 1.50 
19 Ribosome releasing (recycling) 1870 2845 1.52 0.94± 0.06 1.3 ± 0.11 1.19 
factor (protein sU(145) 
20 Hypothetical protein slrl963 30175 45795 1.52 0.81 ± 0.06 1.59± 0.67 1.43 
22 Hypothetical protein slrl900 2346 3366 1.43 0.93 ± 0.16 1.02 1.05 
24 Hypothetical protein s1l1213 2959 3712 1.25 1.18 ± 0.11 1.18 ± 0.12 1.00 
25 Hypothetical protein s110408 2245 1786 0.80 0.88±0.09 0.60± 0.14 0.85 
27 Hypothetical protein slrOOO I 7180 9970 1.39 0.32± 0.06 1.34 ± 0.05 1.77 
28 Adenosylhomocysteinase 9523 l31l3 1.38 0.5 ± 0.41 1.85 ± 0.26 1.90 
34 Translation elongation factor EF- 5954 4573 0.77 1.26± 0.08 1.36± 0.22 1.04 
Tu 
36 DNA-directed RNA polymerase 2500 1869 0.75 1.05 ± 0.05 0.56± 0.07 0.76 
alpha chain 
51 Phosphoglycerate dehydrogenase 3442 2157 0.63 0.99 ± 0.04 1.02 ± 0.18 1.02 
54 Ketol-acid reductoisomerase 9115 5515 0.61 1.92 ± 0.25 0.92 ± 0.01 0.66 
64 Transketolase 8610 4290 0.50 0.63 1.05 ± 0.20 1.26 
·Staining intensity (ppm O.D. x area spot quantitation) 
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4.3.9 Differentially-expressed proteins in salt acclimation 
22 identified proteins were significantly differentially expressed (2:1.5 fold) in 
changing salt concentrations, and were grouped by function [226] (see Appendix B 
for full details on all spots). Table 4.6 summarises these proteins by the differential 
expression of protein abundance in 3% compared to 0% salt and 6% compared to 
3% salt. This study was designed so that an overview of protein changes in different 
salt concentrations can be performed, and it is important to note that the relatively 
small number of proteins discussed below compared to the entire proteome provide 
the opportunity to only postulate their significance in acclimation. 
4.3.8.1 Photosynthesis and Respiration 
Four differentially expressed proteins are involved in photosynthesis and 
respiration. A concerted difference in demand for energy is expected under stress 
conditions, and can be characterised by changing concentrations of proteins 
involved in photosynthesis and respiration [181] and this was observed in Chapter 
3. The abundant photosynthetic pigment protein, allophycocyanin beta chain 
experienced a 1.51-fold increase in expression as the cultures reached optimum 
growth, from 0% to 3% salt (Table 4.6). However, in 6% salt media, the expression 
of allophycocyanin alpha chain reduced more than 2-fold (2.44-fold) compared to 
3% salt, and for phycocyanin an even greater decrease in expression (3.70-fold) was 
seen. Comparable results have been seen in Synechocystis cells, where a reduced 
photosynthetic pigment content was observed in Chapter 3 at 6% salt, as well as in 
a previous study by Schubert et al. [195], where cells in -2% salt also had optimum 
pigment content. Concurrently, chlorophyll a measurements in our cultures at the 
time of harvesting (O.D.s3Onm = 1.3) were highest in the 3% culture, which showed 
the maximum growth rate. The chlorophyll a content in J.1g1ml were 5.27 ± 0.12, 
8.04 ± 0.11 and 2.92 ± 0.10 in the 0%, 3% and 6% cultures respectively. These 
results give an immediate indication that the effect of 6% NaCI is similar in 
Euhalothece cells and Synechocystis cells, as revealed in Chapter 3. A 4.01-fold 
increase in expression of flavodoxin (spot 40b) in 6% salt cultures compared to 3% 
salt cultures was observed. This protein may act as an alternative electron flow 
carrier associated in increasing cyclic electron flow in cells [181, 210, 324]. 
Interestingly, in Chapter 3, the same concentration of salt caused a decrease in 
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flavodoxin abundance in Synechocystis cells. Therefore adaptation of Euhalothece 
cells to 6% salt appears to require this electron flow carrier, implying that the extent 
of stress may be significant in determining the role of flavodoxin. Despite the . 
enhanced presence of this protein, the energy synthesis response in Euhalothece 
remains ambiguous because few proteins identified were significantly differentially 
expressed. 
4.3.8.2 General stress proteins 
An induction in general stress proteins production was seen in cultures grown in 6% 
salt compared to 3% salt (Table 4.6). Heat shock protein (P74702) (spot lIb) had a 
2.67-fold enhanced expression in 6% compared to 3% NaCl. P74702 is crucial in 
cellular processes such as protein folding, signal transduction and protein 
degradation [325]. Similar to Hsp90 (Chapter 3), it plays an important role in 
protecting newly synthesised proteins from destabilisation and misfolding, the 
effects of elevated ionic concentrations. The anti-oxidative enzyme, superoxide 
dismutase (spot 7a1b, 8a, 17b, 33a) has one of the largest inductions with increasing 
salt concentrations, 1.92-fold from 0% to 3% salt and 2.60-fold from 3% to 6% salt 
in spots 7a and 7b. It is apparent from these results that long-term adaptation of 
Euhalothece to high salt (6%) requires increased production of general stress 
proteins, and that these are not only required when cells are shocked. 
4.3.8.3 Energy metabolism 
The glycolytic enzyme, phosphopyruvate hydratase (enolase) increased 1.56-fold in 
6% salt (spot 66a1b), however, the large standard deviation (±0.36) makes it 
difficult to ascertain the significance of its role in salt acclimation. The PPP (where 
carbon dioxide is assimilated and energy for reductive biosynthetic reactions is 
generated) enzyme, 6-phosphogluconate dehydrogenase (Figure 4.5, spot 68b) 
abundance decreased 1.54-fold in 6% NaCI, but similar to enolase the standard 
deviation was large compared to the fold change (±O.l9). In a study on the 
halotolerant alga Dunaliella, an induction of 6-phosphogluconate dehydrogenase 
was seen in high salt [250]. It was suggested that this enzyme may playa general 
role in diverting carbon metabolites under salt stress in plants and algae. This does 
not seem to be the case in Euhalothece in the conditions tested. 
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Phosphoribulokinase (spot 14b) is an enzyme which also forms a key step in the 
PPP. This enzyme was 1.85-fold reduced in expression in 6% compared to 3% salt. 
4.3.8.4 Hypothetical proteins 
Four proteins with no known function (currently annotated as hypothetical) were 
differentially expressed in higher salt, from spots 20alb, 25b, 26b, 27a1b and 33b 
(Table 4.4). Protein, slrOOOI, was shown to be induced in high salt. Sequence 
similarity to proteins of known function has allowed elucidation of potential roles in 
organism protection. A BLASTx search revealed hypothetical protein slrOOO I 
(Figure 4.5, spot 27a1b) harbours a flavin reductase-like domain, with 71% 
similarity to a protein in the cyanobacterium Trichodesmium erythraeum IMS 1 0 I. It 
is possible that this protein is used to reduce flavins (water soluble pigments), 
which can subsequently be used in important biological processes. Its exact role in 
salt tolerance is not fully understood, however they are co-enzymes to 
flavoproteins, and when flavoprotein genes were introduced into Arabidopsis, 
improved tolerance to salt and osmotic stress was observed [326]. This protein was 
induced 3.l7-fold in 3% salt compared to 0% salt. Its enhanced synthesis was also 
recently identified in the response of Synechocystis to 5 days in 4% NaCI [61]. A 
near two-fold decrease (1.96-fold) in hypothetical protein s110553 (Figure 4.5, spot 
26b) as well as a 1.52-fold reduction of hypothetical protein 0529 (Figure 4.5, spot 
33b) in 6% compared to 3% salt was also observed. 
4.3.8.5 Other Differentially Expressed Proteins 
Regulatory protein LexA experienced a 1.65-fold increase in expression in 6% 
compared to 3% salt cultures (Figure 4.5, spots 9a1b). LexA protein is implicated in 
DNA repair mechanisms as part of the SOS response in many microorganisms, 
including E. coli [327]. It represses the SOS response, but is inactivated by a second 
protein RecA. This is interesting, as it seems to increase in expression in higher salt 
conditions in this organism. However, genetic studies have revealed that LexA does 
not play a role in the SOS response in cyanobacteria, and its wider function is 
unknown [328]. This is the first time, to our knowledge, that LexA has been 
reported to enhance in expression in adaptation to high salt conditions, and Chapter 
3 shows that this protein decreased 1.66 and 1.61-fold in Synechocystis cells grown 
in 6% salt compared to 0% salt. RT-qPCR results in Chapter 3 also found the 
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expression of the lexA gene to be reduced (4.82 and 3.64-fold). Kanesaki et 01. [3] 
found transcript expression did not change significantly in -3% NaCI. Recent 
studies have revealed that LexA is a transcription activator rather than a repressor, 
and binds in the promoter region of the bi-directional hydrogenase enzyme in the 
cyanobacterium Synechocystis [329, 330]. The action of the bi-directional 
hydrogenase is of great interest, as it provides a source of renewable energy in the 
form of naturally produced hydrogen [331]. The presence of this gene encoding 
LexA in the Euhalothece genome was validated, as described above, by DNA 
sequencing. Its high sequence similarity to the same protein in Synechocystis raises 
the question of what its possible regulatory role is in Euhalothece but apparently not 
in Synechocystis. 
A near two-fold decrease in expression (1.79-fold) of translation protein DNA-
directed RNA polymerase (Figure 4.5, spot 36b) was seen in 6% compared to 3% 
salt, although there was no change in 3% compared to 0% salt. This enzyme is 
involved in ribonucleotide polymerisation into a sequence complementary to 
template DNA, and its decrease in expression may be the result of an overall 
reduction in protein synthesis in 6% salt. 
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Table 4.6: List of proteins which were quantified and found to be differentially expressed from 0% to 3% salt and 3% to 6% salt. 
Spot gI no.\DI Mascot I.D.(C) Source organism Functional groUp\DI Mwc1 prl ) Mascot Average N-constraint Previously 
no(·) score Quantitation match for identified with 
(matched (CV) peptides(J) salt-response(h) i 
peptides) 
Proteias: iDcreased in expression iD 3-t. compared to O-t. salt 
7a 16330619 Supcroxidc dismutasc (Fe] Synech0cym8 sp. PCC 6803 Cellular processes Y Y 100 (4) 1.92:1: 0.04 (0.02) Y [61], [250), C3 
28a 6OIJ4235 Adcnosylhomocystcinasc Synechocyltis sp. PCC 6803 Energy metabolism Y Y 417 (8) 2.00:1: 0.41 (0.21) Y N 
64a 16329902 Transkctolasc Synech0cym8 sp. PCC 6803 Energy metabolism Y Y 64 (1) 1.589 Y [61] 
27a 16331382 Hypothetical protein slrOOO 1 Synechocystis sp. PCC 6803 Hypothetical Y Y 54 (2) 3.17:1: 0.06 (0.02) Y [61] 
Sa 266765 A1lopbycocyanin alpba chain Synech0cym8 sp. PCC 6803 Photosynthesis &. Y Y 385 (17) 1.5 I :I: 0.27 (0.18) Y [61] Respiration 
Proteias: increased iD expression in 6-t. compared to 3% salt 
7b 16330619 Supcroxidc dismutasc [Fe] Synechocystis sp. PCC 6803 Cellular processes Y Y 287 (12) 2.60:1: 0.47 (0.18) Y [61], C3 
lib 81671547 Heat shock protein Synechocyltis sp. PCC 6803 Cellular processes Y Y 870 (22) 2.67:1: 0.13 (0.05) Y N 
66b 3023705 Phosphopyruvate hydratase (enolase) Synec/wcystis sp. PCC 6803 Energy metabolism Y Y 200 (2) 1.56:1: 0.36 (023) Y N 
40b 415404 Flavodoxin Synec/wcystis sp. PCC 6803 Photosynthesis &. y Y 200 (3) 4.01 :I: 0.35 (0.09) Y [61] Respiration 
9b 16330362 LcxA protein Synechocystis sp. PCC 6803 Regulatory functions Y N 305 (10) 1.65 :I: 0.26 (0.16) Y N 
9b 16331216 light-repressed protein IrtA Synechocystis $p. PCC 6803 Adaptation Y Y 157 (3) 2.20:1: 0.05 (0.02) Y C3 
Proteins: decreased in expression in 3% compared to 00/. salt 
54a 2506910 Ketol-acid rcductoisomerasc Synechocyltis sp. PCC 6803 Amino acid biosynthesis Y Y 218 (3) 1.92:1: 0.60 (0.31) Y C3 (opposite) 
56a 6685569 Dihydroxy-acid dehydratase Synechocystis sp. PCC 6803 Amino acid biosynthesis Y Y 130 (2) 1.64 Y N 
488 16221081 Negative aliphatic amidase regulator Synechocystis $p. PCC 6803 nla N Y 189 (4) 4.17:1: 0.35 (0.08) Y N 
Proteins: decreased in expression in 6% compared to 3% salt 
Synechocystis sp. PCC 6803 Energy metabolism 1.54:1: 0.19 (0.12) Y [250] opposite, C3 
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2Sb 
2Gb 
33b 
2b 
5b 
14b 
3Gb 
I3b 
16331452 Hypothetical protein sl10408 Syneclrocystis sp. PCC 6803 Hypothetical Y Y 405 (7) 1.67% 0.41 (0.25) Y N 
81818888 Hypothetical protein 5110553 Synechocystis sp. PCC 6803 Hypothetical N Y 122 (2) 1.96 ± 0.19 (0.10) Y N 
16332076 Hypothetical protein S110529 Synechocystis sp. PCC 6803 Hypothetical N N 135 (2) 1.52 ± 0.05 (0.03) Y [3] 
2493300 Phycocyanin beta chain Synechocystis sp. PCC 6803 Photosynthesis & Y Y 489 (13) 3.70 ± 0.28 (0.08) Y [61],C3 Respiration 
266765 A1lophycocyanin alpha chain Synechocystis sp. PCC 6803 Photosynthesis & Y Y 276 (9) 2.44 ± 0.36 (0.1 5) Y [3] Respiration 
1653545 Phosphoribulokinase Synechocystis sp. PCC 6803 Photosynthesis & y Y 713 (17) 1.85% 0.21 (0.11) Y [250] opposite Respiration 
2500603 DNA-directed RNA polymerase Synechocystis sp. PCC 6803 Transcription N Y 296 (6) 1.79 Y C30pposite 
alpha chain 
16331793 Periplasmic iron-binding protein Synechocystis sp. PCC 6803 Transport and binding Y Y 188 (3) 1.79 ± 0.03 (0.02) Y C3 proteins 
(a) Spot number (see Figure 4.5). Spot (a) found on Gel A with isotopically labelled reference culture 3% with 0010 salt. Spot (b) found on Gel B with isotopically 
labelled reference culture 3% with 6% 
(b) NCBI accession number 
(c) Protein name according to NCBI database (hUp:/lwww.ncbi.nlm.nih.govl) 
(d) Protein functional group from Cyanobase (http://www.kazusa.or.jp/cyanobasel) 
(e) Experimental and theoretical molecular weight match (Y -Yes, N-No) (see supplementary table for theoretical values) 
(f) Experimental and theoretical pI match (Y-Yes, N-No) (see Appendix B for theoretical values) 
(g) N-constraint match for peptides using method described previously in Chapter 4, section 4.3.4, and using Proteomic Toolkit (Y -yes, N-no) 
(hUp:lldb.systemsbiology.net:8080/proteomicsToolkitllsotopeServlet.html) 
(h) Previously identified in proteomic [61), DNA microarray salt study [3], or Chapter 3 (C3) in close relative Synechocystis, or 
similar salt response related proteins identified in the unicellular green alga, Dunaliella [250). A change which has been seen in the opposite direction is also noted. 
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4.4 Concluding remarks for Part A 
In Part A, a cross-species proteome analysis of an extremophilic cyanobacterium 
was conducted to gain an overview of the salt response. Metabolic labelling was 
used to improve protein identification, as well as producing reliable quantitation 
data, using 2DE for protein separation, visualisation and as a pre-screen for 
differential expression quantitation. Together, implementing the conventional 
Mascot algorithm, the sequence-similarity search algorithm, MS BLAST, and a 
nitrogen-constraint, 60% of selected spots were confidently identified. 
Euhalothece was successfully cultured in the laboratory, growing optimally in 3% 
salt conditions. 2DE separation and visualisation was successful for the 
Euhalothece proteome, and optimisation tests revealed a combination of salt 
removal steps produced a global proteomic representation of over 500 Coomassie-
stained spots per gel (Figure 4.5). 69 matched spots were deemed to be 
differentially expressed ~1.5-fold) by a pre-screening densitometry analysis. These 
were selected for identification and more accurate quantitation, and proteins 
belonging to nine functional groups were found to be differentially expressed in 
0%, 3% and 6% salt, including cellular processes, energy metabolism, hypothetical, 
photosynthesis and respiration, regulatory functions, transcription and translation, 
and amino acid biosynthesis. PSORTb v2.0 was used to predict the cellular location 
of identified proteins, and cytoplasmic proteins dominate (51.7%) which was 
expected because they are soluble proteins and 2DE fractionation cannot 
sufficiently resolve hydrophobic proteins. Despite this, cytoplasmic membrane 
protein pyruvate hydrogenase, outer membrane protein phycobilisome linker 
protein, and periplasmic proteins, iron-binding protein, hypothetical protein sll0408 
and negative aliphatic amidase regulator, were all identified (8.62%). The cellular 
location of the remaining proteins could not be predicted using the algorithm in 
PSORTb v2.0. Implementing LipoP 1.0 software did not identify any further 
membrane proteins. 
A comparison between the quantitations resulting from the pre-screen (densitometry 
analysis) and metabolic labelling did reveal several discrepancies (Table 4.5). 
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Therefore, it is important to note that the pre-screen potentially reduces the 
quantitative power of the experiment by increasing the rate of false negative and 
false positive measurements. 
Proteins previously associated with salt adaptation were identified, for example, 
synthesis of flavodoxin increased 4.01-fold in 6% salt compared to 3% salt [210], 
although it has been shown to be repressed in Synechocystis cells grown in 6% salt 
(Chapter 3). Proteins not previously described in salt adaptation, such as LexA were 
also identified, and the protein-coding gene presence was confirmed using DNA 
sequencing. Quantifying three peptides per protein, and comparing this across 
biological replicate sets, produced sufficiently accurate expression ratios. The 
average CV of quantitations across biological replicates was 0.09 and therefore 
confidently detecting a 50% change in protein expression was statistically possible. 
Utilising metabolic labelling for quantitation and 2DE fractionation with combined 
protein identification software improved overall accuracy and reliability, as well as 
overall running time. 
It is feasible to conclude from the number of high confidence protein 
identifications, that a large-scale proteomic study using metabolic labelling with 
Mascot search engine and MS BLAST, is achievable. In addition, accuracy in 
quantitation using isotopes over densitometry alone, means proteins involved in 
long-term adaptation, and therefore with significant but lower differential 
expressions (~1.5 fold), can be identified. 
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PARTB 
4.5 Introduction to Part B 
In Part A, a rapid proteome screening method was applied to gain an overview into 
the salt adaptive strategies in Euhalothece. In Part B, the success of the technique is 
exploited and developed further to attain a large-scale data set. Increasing the 
proteome coverage allows a more detailed analysis of exactly how protein groups 
and metabolic pathways are involved in acclimation to salt stress by looking for 
similar changes in linked functional pathways. Protein fractionation is to be 
accomplished by ID SDS-PAGE which has the advantage of separating and 
displaying more hydrophobic proteins (membrane and membrane bound). Only five 
membrane proteins were identified and quantified in Part A. A disadvantage of 
eliminating 2DE fractionation is that identification confirmation using spot 
positioning relative to pI and Mw is no longer possible. However, in Part A it was 
successfully demonstrated that there are many orthologous Euhalothece tryptic 
peptides present in databases, with Synechocystis being the dominating source 
organism (97% total positively identified peptides and 89% of proteins). In 
addition, using an elemental constraint has been shown to be an effective 
identification confirmatory technique in cross-species proteomics. Despite its 
extremely slow growth at higher salinities, Euhalothece cells are able to adapt to 
salt conditions from 0 to 6% salt. In this study, an extra comparison is made 
between low salt (3% w/v) and very high salt (9% w/v). This very high salt 
concentration is approaching three times the average salinity of the oceans, and 
model organism Synechocystis is unable to survive in such extreme conditions. 
Implementing large format (17cm) SDS-PAGE provides excellent protein 
fractionation as described previously [67]. Eliminating a pre-screen (densitometry-
based) step as performed in Part A, means all gel bands will be selected for protein 
extraction, identification and isotope based quantitation. Protein identification using 
Mascot and MS BLAST is to be conducted on all gel bands to maximize proteome 
coverage. 
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4.6 Materials and methods 
4.6.1 Culture conditions and cell growth 
Euhalothece cells were cultured as described in Part A (section 4.2.3). A very high 
salt, 9% (w/v) phenotype was included and biological replicate cultures were also 
grown. Comparative to Part A, the 3% salt phenotype was chosen as a reference 
culture. 
4.6.2 Cell harvesting, protein extraction and quantitation 
50 ml of mid-late exponential phase (O.D.S30 = -1.0) cells were harvested during the 
mid-light cycle as described in Part A (section 4.2.3). However, no mixing of cells 
was performed prior to protein extraction. Despite confirmatory tests conducted in 
Part A to ensure that cell size or protein extraction efficiency did not affect overall 
protein concentration, in this study, proteins were extracted and then mixed to 
eliminate the introduction of even small errors due to any cell size changes. Proteins 
were extracted and quantified as described via Part A, and then three different 
protein mixtures were created: (1) a mixture of 0% and 3% salt cultures, (2) 3% and 
6% salt cultures, and (3) 3% and 9% salt cultures (50,...g of each protein extract). 
Biological replicates of these cultures were also treated in parallel. 
4.6.3 SDS-PAGE 
All three protein mixtures (each consisting of 100,...g protein) were added to Sample 
BufferlLaemmli Buffer (Bio-Rad), to at least 2 volumes of the original sample. The 
composition of ID gels (size: 17 cm long x 17 cm width x 0.75 mm thick) was 4% 
for the stacking gel and 12% for the resolving gel. Technical (2) and biological 
replicate (3) gels were run. The samples were loaded into wells and using the 
Protean II Multicell (BioRad) apparatus they were run at 100V for 40 minutes and 
280V for 4 hours. Subsequently, gels were washed with deionised water for 5 
minutes. Coomassie Brilliant Blue G250 dye (Bio-Rad) was used to stain the gels 
overnight on an orbital shaker at room temperature. Deionised water was used to 
de-stain the gels. Gel lanes were cut into small bands in preparation for in-gel 
digestion. Gel bands were destained twice with 200 mM ammonium bicarbonate in 
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40% acetonitrile. Subsequently, the gel pieces were incubated in acetonitrile for 
approximately 15 min at 37°C, and then the liquid phase was removed and samples 
were placed in a vacuum concentrator (Model 5301, Eppendorf, Cambridgeshire, 
UK) for another 15 min to completely dry the gel pieces. Reduction was carried out 
in 50 mM ammonium bicarbonate solution with 10 mM OTT, for 1 hour at 56°C. 
Alkylation was carried out using a 50 mM ammonium bicarbonate solution with 55 
mM iodoacetamide, in the dark for 30 minutes. After alkylation, gel pieces were 
dehydrated using acetonitrile for 15 min at 37°C followed by conditioning with 50 
mM ammonium bicarbonate for 15 min at 37°C and shrunk again using the same 
volume of acetonitrile for 15 min at 37°C. Gel pieces were dried in a vacuum 
concentrator prior to digestion of proteins. Trypsin (20 J,1g/ml), with acetonitrile 
(20%) was added to the gel pieces, which were incubated overnight at 37°C. After 
overnight digestion, the liquid phase was transferred to a new tube. Peptides were 
extracted by one change of 5% formic acid, two changes of 50% acetonitrile in 5% 
formic acid and one change of 100% acetonitrile, incubating at 37°C for 15 min for 
each change. All liquid phases were combined and dried in a vacuum concentrator. 
4.6.4 Protein identification 
Peptides were separated and run on the QStar XL ESI-qQ-TOF-MSIMS as 
described in Part A (section 4.2.5). However, due to the increased complexity of 
protein mixture in a gel band compared to a gel spot, the gradient on the Ultimate 
LC system was increased to 45 minutes. This started with 5% Buffer B (0.1 % 
formic acid in 95% acetonitrile) and 95% Buffer A (0.1 % formic acid in 5% 
acetonitrile) for 3 minutes, followed by a ramping to 50% Buffer B over 40 mins, 
then 90% Buffer B for 5 min and 5% Buffer B for a further 5 mins. IDA data was 
submitted for a Mascot search using Mascot Daemon v.2.1.3 with search 
parameters as described in Part A, section 4.2.5 e~), and subsequently against 
amino acid mass modifications incorporating the l~ isotope. Performing a double 
search here enabled more efficient selection of co-eluting isotopic peptides for 
quantitation, as well as increased identification significance. MS BLAST settings 
were as described previously, and the search was performed for all gel bands. In 
addition to these criteria, the identified peptide must be present in both isoforms, 
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with two peptides present per protein, and finally confinned using the nitrogen 
constraint. Protein data analysis was performed as described previously, employing 
PSORTb v2.0 [248] and LipoP vl.O [249] and gene functional groups from Kazusa 
(http://bacteria.kazusa.or.jp/cyanobase/Synechocystislindex.html). 
4.7 Results and discussion 
4.7.1 Growth data 
The effect of salt concentration on growth rates is represented in Figure 4.2. A 
yellow-brown colour is typical for natural populations of extremely halotolerant 
cyanobacteria, and is attributed to the presence of carotenoids in cells [151]. 
Euhalothece cultures showed a little yellow pigmentation in 6% salt, but mostly at 
9% salt and reduced green colouration (loss of phycobiliproteins and chlorophyll), 
which could be explained by the increase in carotenoid production in high salt. 
4.7.2 Protein identification and characterisation 
In total, 301, 270 and 133 proteins were identified and quantified in data set 1 
(combined 0% and 3% salt), data set 2 (combined 3% and 6% salt) and data set 3 
(combined 3% and 9% salt) respectively (Appendix C). However, only proteins 
identified by 2 or more peptides were considered further. There was a noticeable 
difference in the number of proteins identified and quantified in these data sets, and 
in particular to data set 3. As part of the identification criteria, both isotopic 
peptides must be present, and it is likely that overall global protein synthesis is 
reduced in high salt adapted cells. It is certain that a difference in protein 
composition occurs in the different conditions [263]. 
For proteins with 2 or more identified peptides, a Mascot conventional search 
identified 229, 212 and 96 proteins, and MS BLAST homology search identified a 
further 32,30 and 7 proteins in data sets 1,2 and 3 respectively. In total, 383 unique 
proteins were identified (with 2 or more peptides) across the two gels. 24 different 
source organisms were used for identifying these proteins, 20 of which were 
prokaryotes (see Table 4.7). 
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Table 4.7: Source organisms for identifying all 383 unique proteins. Where multiple 
organisms were found to be the source for a particular protein, only the organism 
with the highest scoring protein was selected for the 1.0. 
Source Organism 
Cyanobacteria 
Anabaena variabi/is 
Crocosphaera watson;; 
Nostoc punctifotme 
Proch/OfOCOCCUS marinus 
ProchlolOthrix hol/andica 
Pseudanabaena sp. 
Synechococcus $p. 
Synechocystis sp. 
Trichodesmium erythraeum 
Bacteria (non-cyanobacterlum) 
Deinococcus radiodurans 
Themrotoga maritima 
Eukaryote 
Frankenia pulverulenta 
Muscari comosum 
Pinus thunbergii 
Unknown 
Strain 
KCTC AG10273 
ATCC 29413 
WH 8501 
PCC 73102 
PCC 7120 
MIT 9312 
CCMP1375 
PCC 7409 
elongatus PCC 6301 
CC9605 
CC9902 
PS677 
WH 8102 
vulcanus 
PCC6714 
PCC6803 
IMS101 
R1 
I.D.'s 
1 
11 
13 
9 
1 
3 
2 
2 
1 
1 
5 
2 
1 
1 
1 
2 
315 
5 
1 
1 
1 
1 
1 
1 
The close relative (on the basis of 16S rRNA comparisons, see Figure 4.4). 
Synechocystis was the source organism for the majority (82.5%) of total proteins 
identified, and therefore functional groups from Kazusa were used as a basis for 
categorization, as in Part A. Figure 4.11 illustrates the different functional groups 
identified. The most significant fraction were hypothetical proteins (22.8%), which 
is unsurprising considering 45% of protein-coding genes for Synechocystis, were 
annotated as hypothetical, upon first release [144]. The highest represented and 
annotated proteins were involved in photosynthesis and respiration (11.9%), energy 
metabolism (10.1%) and translation (9.8%), very similar to a recent 2DE study in 
Synechocystis [61]. 
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Translation 9.8°0 
Transport and binding 
proteins 2.8% 
Signal Iran duction 1.00 
Regulatory functions 1.60 0 
Purines, pyrimidine. nucleo:;lde ' 
and nucleotides 2.3°'0 
Post-tran lational modifi atiol1 O. ~o ----f5i" ......... 
Photosynthe. i and respiration 11,9° 0----t-
Amino acid transport and 
Biosynthesis of co factors. prosthetic 
groups. and carriers 3.4% 
Carbohydrate transport and metabolism 1.1 
Cell envelope biosynthesis 2.6% 
Cellular processes 5.4 % 
Central intermediary metabolism 1.8% 
Coenzyme metabolism 0.5% 
Other categoric. 3.4~o 
Energy metabolism 10.1 % 
Nucleotide transport and metabolism 
0.3% 
Secondary metabolites 
biosynthesis, transport and 
metabolism 0.8°0 
Lipid m ·tabolism O. ~o Ilypothetical 22.8% Fatty acid biosynthesis 1.0% 
igur 4.11: Identified proteins categorised into functional groups with percentage 
f t tal pr t'in identified in brackets. Four proteins were placed in more than one 
fun tional group ( pp ndix C) and underlined categories contain proteins which 
ignificantl affected by salinity concentrations. 
p v._.O \ a u ed to predict the cellular location of identified proteins, and 
r ult wcr' r markably imilar to the cellular locations of cyanobacterial proteins 
predi ted in three gel-fre tudies [83]. All five possible localisation categories 
w re 
unkn 
48.0%, cytoplasmic membrane 4.63%, extracellular 
uter mcm r ne 1.63%, peri plasmic 2.45%) including 44.6% which were 
P 1.0 wa impJ m nted to overcome the limitations in PSORTb and 
1 heret' r . 
lipopr tein . Three and twenty-one of these had been 
t pia mi and unknown by P ORTb, respectively (Appendix C). 
m mbranc protein in total (14.6%) were identified and quantified in 
thi ·ludy. 
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4.7.3 Identification confirmation with MS BLAST 
In section 4.3.3, confirmation of protein identification using the elemental 
constraint was demonstrated with a peptide identified using Mascot software, and 
therefore an exact match to a tryptic peptide present in the non-redundant database. 
It is useful to show how the same method can be applied to affirm identification 
based on a homology search using MS BLAST. The peptide TFQGPPHSEPGER 
was identified via the homology search MS BLAST, and found to be 71 % similar to 
peptide TFQGPPHGIQVER from the protein ribulose 1,S-bisphosphate carboxylase 
large subunit from the cyanobacterium Nostoc punctiforme PCC 73102. Peaks at 
mlz = 719.9 and 729.4 represent the unlabelled (light) peptide and lSN labelled 
(heavy) peptide, respectively. The mlz difference between the heavy and light 
version of this peptide is therefore 9.S. The peptide has a double charge, and 
therefore the mass difference is 19Da. The number of nitrogen atoms present in 
peptide TFQGPPHSEPGER, also calculated using Proteomics Toolkit was found 
to be 19. Therefore, the mass difference corresponds exactly to the number of 
nitrogen atoms present in the peptide, increasing confidence in the I.D. of this 
peptide, and hence I.D. of the protein. As in Part A, all accepted protein 
identifications were confirmed using this criterion. 
4.7.4 Variation and normalisation of MS data 
The full set of proteins quantified on the MS would be expected to have an average 
fold change of 1 (no change), therefore the data was normalised by correcting the 
ratio towards a median change of unity, before relative quantitation changes were 
considered significant. 
A comparison of quantitations across biological replicate gels (3) gave an overall 
average CV of 0.11, comparable to Part A (0.09). The standard deviation 
calculations for the 3 peptides quantified for each protein were also relatively low 
(average 0.10). The average RV was also determined logarithmically using 
biological replicate quantitations, as performed previously in Chapter 3. The RV 
was 0.92 implying an 8% discrepancy for relative quantitation. Therefore fold 
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expression changes of at least 50% (:;::1.5 fold) were again considered significant, 
important for this adaptation study. 
4.7.5 Differentially-expressed proteins in salt acclimation 
Proteins which were identified by two or more peptides in both isotopic versions, 
and changed in expression by equal to or more than 1.5 fold were deemed 
differentially expressed (see section 4.7.4). 55 proteins were differentially 
expressed when cells are grown in 0% salt and 3% salt, and 18 proteins had 
significant changes in abundance in 6% salt compared to 3% salt. A further 35 
proteins were affected by a change from 3% to 9% salt (Table 4.8). It is apparent 
here that Euhalothece cells respond much more significantly when cultured in a 
non-salt environment (0%) compared to a salt environment (3%). Consequently, 
results were interpreted and discussed in terms of adaptation of cells (i) to no salt 
from 3% salt, (ii) to 3% salt from no salt (iii) adaptation to 6% salt from 3% salt, 
and finally (iv) adaptation to 9% salt from 3% salt, and are summarised in Figure 
4.12. 
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igure 4.12: A ummary of Euhalothece cellular responses to no, low, high and 
r high alt. R gulation of proteins is designated up or down by the arrow. Cell 
ize wer mea ured using an optical microscope (Zeiss Axioplan 2, USA). (1) 
Adaptation to no alt from 3% salt (2) adaptation to 3% salt from 0% salt (3) 
adaptati n to 6% salt from 3% salt, and (4) adaptation to 9% salt from 3% salt. 
4.7.6 Adaptation to 0% salt from 3% salt 
Aim t on in [our proteins identified changed significantly in expression between 
nditi n of no salt and 3% salt. 34 proteins increased in expression in 0% salt, 
highlighting th large number of changes required for Euhalothece cells to 
a limate t th e conditions. 
4. .6.1 'ellular proce e and regulatory functions 
P rhap the m t surprising result was the up-regulation of chaperone proteins, 
Ok h P r nin 2 (4.32-fold) GroEL (3.l5-fold) and Chaperonin Cpn60/TCP-l 
1.92-fi Id). The proteins belong to the group of general stress proteins and play 
an imp rtant r 1 in maintaining protein functionality, when unfolding can occur in 
tr I ading to aggregation [332]. Therefore proteins in Euhalothece 
II r ' qUir haperonin to maintain functionality in no salt more than in 3% salt 
c nditi n . rigger factor protein, increased 1.55-fold, and is also a stress related 
Thi ribo orne a sociated protein is involved in protein export for 
maintaining n ' ynthesized proteins in an open conformation [333]. The 
t\\it hin l m bilit prot in increased 2.48-fold. It is involved in directed transport of 
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substances into, out of or within cells, but it is not known why it is important for 
survival in 0% salt. It could possibly play a role in the movement of salt ions, or 
even macromolecules vulnerable to a change in ionic strength. 
4.7.6.2 Transport and binding proteins 
It is obvious that euryhaline Euhalothece behaves differently to the freshwater 
cyanobacterium Synechocystis in response to no salt, and a perfect example of this 
is the difference in regulation of transport proteins. In Synechocystis plasma 
membranes, iron-binding protein FutAi and a putative bicarbonate binding protein 
were observed to accumulate in salt-stressed cells [224]. In Euhalothece cells, an 
increase was seen in periplasmic iron-binding protein (1.82-fold) as well as in a 
sodium-dependant bicarbonate transporter (6.3 I-fold) in 0% salt (Table 4.8). It isn't 
clear at this stage what roles these proteins play in acclimation to a non-salt 
environment. Increases in transport proteins cation-transporting ATPase PacL and 
Na-ea exchanger/integrin-beta4 were also observed; interestingly the latter is 
involved in calcium ion export, in exchange for Na + ions. Experimental evidence 
has previously suggested that ea2+ ions function in salt adaptation in two specific 
ways. It could facilitate enhanced selectivity for K+ INa + transporters [334], or playa 
role in stress signal transduction [335]. 
4. 7.6.3 Carbon utilisation 
It is possible that the observed increase in the bicarbonate transporter abundance is 
associated with an increased need for carbon. This postulation is supported by an 
increase in carbon fixation enzymes fructose-I, 6-biphosphatase (1.7I-fold) and 
gIpX (1.64-fold). Furthermore, a 2.I6-fold increase in enzyme GTP cyclohydralase 
was evident. This enzyme performs the first step of tetrahydrofolate synthesis 
which is used for one-carbon (e.) metabolism transfer reactions. e. metabolism has 
been associated with adaptation of plants to environmental stresses previously, 
however, its specific role remains unknown [336]. The increased production of 
pyruvate (TeA cycle) is demonstrated by a 1.61-fold increase in the malic enzyme, 
which participates by decarboxylation of malate. 
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4. 7.6.4 Hypothetical proteins 
Nearly a third of proteins induced in no salt conditions were designated as 
hypothetical, and hence have no assigned function. In agreement with three of 
these, Kanesaki et al. [3] observed a repression in gene transcription in slr1852, 
slr1855 and sll1305 in 0.5M (-3%) salt stress in Synechocystis by 7.7, 5.5 and 3.7-
fold respectively. Despite having undesignated functions, four hypothetical proteins 
have conserved domains which give clues to their possible purpose. Interestingly, 
hypothetical protein sll0408 increased 1.67-fold and is known to exhibit peptidyl-
prolyl cis-trans isomerase (PPlase) activity. PPlase accelerates protein folding by 
catalyzing the cis-trans isomerisation of proline imidic peptide bonds in 
oligopeptides [301]. This protein supports the change in expression of other 
chaperones in Euhalothece in 0% salt, it is induced in the salt response in 
Synechocystis at the protein level only [61]. 
4.7.7 Possible mechanisms for adaptation to non-saline conditions 
Interestingly, the requirement of molecular chaperones to maintain protein structure 
in low salt concentrations is a characteristic of organisms which adopt the 'salt-in' 
tolerance strategy rather than the low internal ionic concentration (Na + extrusion 
and osmoprotectant) method. These organisms have high intracellular ion 
concentrations (mostly K+) maintaining osmotic equilibrium with its surroundings 
(and therefore less reliance on compatible solutes). This strategy was previously 
associated with halophilic and halotolerant cyanobacteria [337], but has since 
proven to be unfounded when it was demonstrated that essential enzymes in 
halotolerant or~anisms are dysfunctional in high ion concentrations [338]. In 'salt 
in' adopting organisms (predominantly haloarcheaea), proteins have additional 
acidic residues on their surface, thereby increasing their tolerance to salt. These 
residues have enhanced hydration, enabling a more sophisticated organisation' of a 
hydrated salt ion network [339]. They reduce protein hydrophobicity, and thereby 
reduce aggregation. Furthermore, strategic salt bridges can form between these 
acidic residues and basic residues which ultimately provide structural rigidity and 
stabilisation of the 3D structure [340]. The disadvantage however, is when grown in 
low or non-salt conditions (low ionic strength), proteins can denature and unfold 
due to charge repulsion. It is possible that salinity levels in the Qabar-Onn Lake 
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have provided the driving force for fixations in alternative amino acids which have 
occurred due to nucleotide substitutions, and which favour stabilisation in salt 
environments. This is even more likely in view of the fluctuating salinity levels in 
this lake [149], which leads to an increased probability of fixation of substitutions 
and are consequently advantageous in one condition over the other. The fact that 
Euhalothece can survive in low salt may be due to the activity of its chaperones. 
The extent of acidity or reduced hydrophobic interactions in salt adapted proteins 
has previously been associated with the level of salinity tolerance, using 
Salinobacter as a model [341]. Furthermore, proteins DnaK and GroEL from three 
moderate halophiles have been shown to be biologically active in low salt, implying 
they do not require high salt to function [342]. However, an acidified protein is a 
salt tolerance strategy specific to organisms which have high intracellular ion 
concentrations, uncharacteristic of most cyanobacteria, except alkaliphiles [343]. 
Nevertheless, it is possible that the periplasmic space ion concentrations rise 
considerably higher than in the cytoplasmic space, as this is the part of the cell 
directly exposed to the external medium. Making direct measurements of ion 
concentrations in different cellular compartments remains difficult [311], but it is 
possible that extreme halotolerant and halophilic cyanobacteria maintain relatively 
high ion concentrations in the periplasmic space or in cytoplasmic membrane 
systems, and therefore acidic proteins remain functionally active. 
An in silico comparison was made between de novo sequenced peptides in 
Euhalothece (using ProBLAST), and peptides of cyanobacteria which are already 
present in the database. An enhanced presence of acidic residues aspartic acid (D) 
and glutamic acid (E), would indicate increased acidity in proteins. In addition, 
more cases of the amino acid serine could be an indication of salt adapted proteins. 
Serine is important because of its compact size and borderline hydrophobic-
hydrophilic properties [344]. An open source tool employing the EMBOSS pK 
values model, was also used to estimate the peptide isoelectric point value 
(http://isoelectric.ovh.org/).Amino acid substitutions were only considered 
confident if either b or y ions were present in the MSIMS fragmentation (Figure 
4.13). Moreover, substitutions must have been observed during separate (technical 
replicate) runs, and in biological replicate samples. Of the 23 proteins compared, 11 
gave the indication of extra acidic residues whereas only 2 suggested they were less 
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results. ee Appendix D for a full detailed comparison. 
yl y2 y3 y4 y5 y6 y7 y8 y9 ylO 
. . ; 
Val er Leu : Ser: Gly i Asp Thr Leu 
834 4173 
. 
9475470 # residue b 
1 Gin 129.0659 
2 Glu 258.1084 
3 Ser 345.1405 
4 Leu 458.2245 
5 Leu 571.3086 
6 Thr 672.3563 
7 ASD 787.3832 
8 Gly 844.4047 
9 Ser 931.4367 
10 Leu 1044.5208 
6183943 
.se 2310 : 11 Ser 1131.5528 
• .0 2226.-. 733370. 
25Il~ I 
12 Val 1230.62 12 
13 Arg 1386.7223 
~O2362 635il394 
:311 2032 57135n 
223114 
~'11J1l 2110 1.i/ 3271283 5533512 1(16065 81641 3 
~~~~~~. ~ 
650 900 950 1000 1050 
m/z 
b2 b3 b4 b5 
Figure 4.13: MS/MS fragmentation of peptide EESLL TDGSLSVR from 
Euhalollzece. It i 92% similar to peptide EESLLTNGSISVR from gi116329822, 
ph c c anin as ociated linker protein, Synechocystis. The neutral amino acid 
a paragin (A n) in Synechocysfis is substituted for acidic amino acid aspartic acid 
(~ in Euhalolhece. The table shows all the b and y ion series for this peptide, 
\J ith th e detected in the mass spectrometer highlighted in red (NB. leucine (Leu) 
and i 1 ucinc (Ue) have isobaric masses and cannot be distinguished in the low 
IIi i n cnerg -generat d MS/MS spectrum). 
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Table 4.9: A list of proteins for which de novo sequenced peptides were compared to sequenced peptides present in non-redundant NCBI 
database 
No. of More Less Extra Less 
Protein pepticles acidic acidic serine serine 
no. Protein 1.0. Source organism compared peptides peptides residues residues Acidity 
1 ChlL Prochlorococcus marinus str. CCMP1375 7 1 0 2 0 more acidic 
2 Bacterioferritin Synechocystis sp. PCC6803 4 1 1 0 1 same 
3 Fat protein Synechocystis sp. PCC6803 12 3 0 0 1 more acidic 
4 RNA polymerase beta prime subunit (rpoC2) Synechocystis sp. PCC6803 15 0 0 1 0 same 
Phycobilisome LCM core-rnembrane linker 
5 polypeptide Synechocystis sp. PCC6803 19 4 0 0 0 more acidic 
6 Transketolase Synechocystis sp. PCC6803 6 2 1 0 1 more acidic 
7 Phycocyanin associated linker protein (cpcC) Synechocystis sp. PCC6803 22 6 0 0 0 more acidic 
8 sU1305 hypothetical protein Synechocystissp.PCC6803 4 0 0 0 0 same 
9 Hypothetical protein sll1762 Synechocystis sp. PCC6803 3 0 0 0 0 same 
10 Ribulose bisphosphate carboxylase large subunit Synechocystis sp. PCC6803 10 0 0 0 0 same 
11 Leukotoxin (UA) Synechocystis sp. PCC6803 6 1 1 0 0 same 
12 3-ketoacyl-acyl carrier protein reductase Synechocystis sp. PCC6803 6 2 0 1 0 more acidic 
13 3-oxoacyl-[acyl-carrier protein] reductase (fabG) Synechocystis sp. PCC6803 4 0 0 0 0 same 
14 Superoxicle dismutase Synechocystis sp. PCC6803 3 0 0 0 0 less acidic 
15 Phycocyanin b subunit (cpcB) Synechocystis sp. PCC6803 12 0 0 0 0 same 
16 Fatty acidlphospholipid synthesis protein Prochlorococcus marinus str. MIT 9312 9 0 1 1 0 less acidic 
17 Allophycocyanin, beta subunit Anabaena variabilis ATCC 29413 13 2 0 2 0 more acidic 
18 Hypothetical protein 0359 Synechocystis sp. PCC6803 6 1 0 0 0 more acidic 
19 Ribulose bisphosphate carboxylase smaU subunit Synechocystis sp. PCC6803 5 0 1 0 0 less acidic 
20 MagnesiulTH:helatase Prochlorococcus marinus str. MIT 9312 5 2 0 0 0 more acidic 
21 MuJti.5ensor Hybrid Histidine Kinase Anabaena variabilis ATCC 29413 12 4 0 0 0 more acidic 
22 Outer membrane autotransporter barrel Synechococcus sp. CC9902 10 2 1 1 0 more acidic 
23 Periolasmic iron-bindina Drotein Svnechocvstis SD. PCC6803 10 0 0 3 1 same 
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This preliminary analysis is only marginally indicative of an acidic nature to 
Euhalothece proteins. The exact positioning of acidic residues in the protein is more 
important than the simple presence of extra acidic residues; a more complete analysis 
would involve analyses of the predicted 3D structure of these proteins of interest, 
comparison of a larger data set and verification of amino acid substitutions via 
degenerate primer design and sequencing of Euhalothece genes. Therefore, it can only 
be postulated here that some proteins in this organism may rely on a certain level of 
salt to maintain their functional configuration, a trait common to extreme halophiles 
with a 'salt-in' method of salt tolerance as opposed to the ion extrusion! 
osmoprotectant strategy. Euhalothece may provide an example of an organism which 
uses the ion extrusion!osmoprotectant strategy, and due to evolutionary tinkering, has 
replaced amino acid residues with salt-tolerant acidic (or less hydrophobic) residues. 
4.7.8 Adaptation to 3% from 0% salt 
Twenty one proteins increased significantly in expression in 3% salt, and almost half 
of these agree with the proteome salt responses observed in Synechocystis (Table 4.8). 
4.7.8.1 Energy metabolism and central intermediary metabolism 
Fructose- bisphosphate aldolase increased 1.56-fold, and is involved in several energy 
metabolism pathways including glycolysis. Similarly, ribulose phosphate-3-epimerase 
and transaldolase, involved in the PPP, increased 1.82 and 1.51-fold, respectively. The 
increase in carbon uptake in no salt compared to 3% salt implies that enhancing 
central intermediary metabolism could be a mechanism to cope with no salt, however, 
these results imply that energy metabolism in Euhalothece is increased in salt as it is 
in'Synechocystis [61]. This increase in 3% salt is almost expected in Euhalothece 
cells, as growth rate is also increased. A 2.37-fold increase in ADP-glucose 
phosphorylase was also seen. This enzyme synthesises ADP-glucose, a precursor for 
the biosynthesis of the compatible solute GG. Euhalothece accumulates the 
compatible solute glycine betaine [149], which is characteristic of extremely 
halotolerant organisms [161]. However, it is also known that accumulation of more 
than one compatible solute is not uncommon, especially amongst extreme halotolerant 
species [161]. Finally, glycogen synthesis enzyme, glycogen phosphorylase, increased 
1.62-fold [61]. Glycogen accumulation in salt acclimated cyanobacteria has 
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previously been demonstrated [196], and two enzymes involved were also 
accumulated in Synechocystis cells in 6% salt, as detailed in Chapter 3. 
4. 7.B.2 Regulatory proteins 
A 1.82-fold increase in light-repressed protein was also observed in Synechocystis 
cells in Chapter 3 and a previous study [224]. It has been shown that this regulatory 
protein is transcribed during the dark phase only in Synechococcus sp. PCC7002, and 
therefore could be controlled by changes in redox state due to a light/dark change. 
Redox changes also occur in salt acclimated cells [224, 34S]. LexA protein increased 
1.71 fold in 3% salt, a response discussed in Part A. 
4.7. B. 3 Other proteins . 
The increase in anti-oxidative enzyme superoxide dismutase (2.43-fold) can be seen 
as verification of the methodology employed in this thesis. Amino acid biosynthesis 
proteins ferredoxin-nitrite reductase and sulfate adenylyltransferase increased 1.62 
and 1.72-fold, respectively. The former enzyme increased 2.1-fold in Synechocystis 
cells after S days in 684 mM NaCI [61]. Bacterioferritin, responsible for storage of as 
much as SO% of cellular iron increased 1.Sl-fold, and this would be expected as iron 
intake is reduced in salt acclimated cyanobacteria [224, 324]. A 4SkDa nitrate 
transport protein increased 1.84-fold. Compositional and structural changes have been 
proposed to take place in the plasma membrane of salt acclimated cyanobacterium 
cells, and this could affect efficient uptake of nutrients such as nitrate resulting in an 
increased necessity [243]. 
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Table 4.8: Differentially expressed proteins between 0% and 3% salt identified by MASCOT and MS BLAST. Relative peak intensity ratios of 
both peptide versions (light and heavy) were used for quantitation. 
No. of 
Protein gl(a) Source organism(b) peptideso Score(d} Fold change(O) C~ Functional categorylll) 
ADAPTATION TO NO SALT: Proteins induced in 0% salt compared to 3% salt 
Tryptophan synthase subunit beta 16332038 Synechocystis sp. PCC6803 3 202 1.58 0.03 Amino acid biosynthesis 
Negative aliphatic amidase regulator 16331081 Synechocystis sp. PCC6803 2 167 1.95 0.02 Amino acid transport and metabolism 
60kD chaperonin 2 16331442 Synechocystis sp. PCC6803 23 1780 4.32 0.04 Cellular processes 
GroEL 287463 Synechocystis sp. PCC6803 17 1138 3.15 0.01 Cellular processes 
Twitching mobility protein 16331035 Synechocystis sp. PCC6803 5 272 2.48 0.02 Cellular processes 
60kD chaperonin 2 16331442 Synechocystissp.PCC6803 4 266 2.41 0.03 Cellular processes 
Chaperonin Cpn6OlTCP-1 78185313 Synechococcus sp. CC9902 14 531 1.92 0.02 Cellular processes 
Trigger factor 16332069 Synechocystis sp. PCC6803 10 602 1.55 0.03 Cellular processes 
Fructose-1,6- biphosphatase 1753218 Synechocystis sp. PCC6803 13 742 1.71 0.02 Energy metabolism 
GlpX 75909902 Anabaena variabilis ATCC 29413 10 438 1.64 0.01 Energy metabolism 
Hypothetical protein slr1762 16330280 Synechocystis sp. PCC6803 8 411 2.41 0.03 Hypothetical 
Hypothetical protein sll0359 1653614 Synechocystis sp. PCC6803 4 285 2.11 0.01 Hypothetical 
Hypothetical protein slr1852 16330239 Synechocystis sp. PCC6803 5 273 2.00 0.01 Hypothetical 
Hypothetical protein slr1855 16330242 Synechocystis sp. PCC6803 9 457 1.86 0.02 Hypothetical 
Hypothetical protein sl11305 16330234 Synechocystis sp. PCC6803 6 292 1.82 0.02 Hypothetical 
Hypothetical protein sl11380 16330843 Synechocystis sp. PCC6803 2 112 1.78 0.01 Hypothetical 
Hypothetical protein sl10408 16331452 Synechocystis sp. PCC6803 14 797 1.67 0.02 Hypothetical 
Hypothetical protein s111734 16330025 Synechocystis sp. PCC6803 2 145 1.61 0.03 Hypothetical 
Malic enzyme 16329255 Synechocystis sp. PCC6803 4 316 1.61 0.03 Hypothetical 
Hypothetical protein sl10314 16331369 Synechocystis sp. PCC6803 6 349 1.55 0.06 Hypothetical 
Na-Ca exchangerlintegrirH>eta4 75703826 T. etythraeum IMS101 8 516 1.50 0.09 Hypothetical 
Beta transducin-like protein 16330231 Synechocystis sp. PCC6803 3 164 2.28 0.01 Other categories 
Serine esterase 16329810 Synechocystis sp. PCC6803 2 138 1.74 0.02 Other categories 
Rehydrin 16329971 Synechocystis sp. PCC6803 6 367 1.71 0.01 Other categories 
Phycocyanin associated linker protein 16329822 Synechocystis sp. PCC6803 8 582 2.93 0.04 Photosynthesis and respiration 
Chloroplast membrane associated 30kD 16331547 Synechocystis sp. PCC6803 4 348 1.74 0.02 Photosynthesis and respiration 
NarLsubfamily 16330984 Synechocystis sp. PCC6803 2 71 2.00 0.03 Regulatory functions 
Transcription antitennination protein 16330012 Synechocystis sp. PCC6803 3 118 1.74 0.01 Transcription 
Ribonuclease 0 16331359 Synechocystis sp. PCC6803 5 296 1.71 0.04 Transcription 
Bicarbonate transporter 16332004 Synechocystis sp. PCC6803 5 302 6.31 0.00 Transport and binding proteins 
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Periplasmic iron-binding protein 16331793 Synechocystis sp. PCC6803 14 
cation-transporting ATPase PacL 1006591 Synechocystis sp. PCC6803 3 
GTP cycIohydralase 16331608 Synechocystis sp. PCC6803 2 
Molybopterin biosythesis protein MoeB 16331030 S . sp. PCC6803 8 
ADAPTATION TO 3% SALT: Proteins induced in 3% salt compared to 0% salt 
Ferredoxin-nitrite reductase 16331650 Synechocystis sp. PCC6803 4 
Sulfate adenylyltransferase 16330927 Synechocystis sp. PCC6803 2 
1-(5-phophoribosyl)-5-{5- . 
phosphoribosylamino)methylideneaamino] 16332128 Synechocystis sp. PCC6803 2 
Coproporphyrinogen III oxidase 16329455 Synechocystis sp. PCC6803 5 
Superoxide dismutase 16330619 Synechocystis sp. PCC6803 6 
ADP-glucose pyrophosphorylase 384335 Synechocystis sp. PCC6803 3 
Glycogen phosphorylase 16330178 Synechocystis sp. PCC6803 5 
Fructose- bisphosphate aldolase 16331386 Synechocystis sp. PCC6803 9 
Ribulose phosphate-3-epi'nerase 16330729 Synechocystis sp. PCC6803 3 
Transaldolase 16329404 Synechocystis sp. PCC6803 4 
Prochlorococcus marinus MIT 
Fatty acidlphospholipid synthesis protein 78n8523 9312 5 
Hypothetical protein slr0552 16332073 Synechocystissp.PCC6803 3 
Hypothetical protein slr1161 16330922 Synechocystis sp. PCC6803 2 
Light repressed protein 16331216 Synechocystis sp. PCC6803 4 
Phycobilisome rockore linker polypeptide 16329710 Synechocystis sp. PCC6803 2 
Phycocyanin associated linker protein 16329822 Synechocystis sp. PCC6803 2 
SOS function regulatory protein 16330362 Synechocystis sp. PCC6803 4 
Probable cytosol aminopeptidase 8039n4 Synechocystis sp. PCC6803 4 
Bacterioferritin 16329907 Synechocystis sp. PCC6803 4 
Nitrate transport 45kDa protein 16330084 Synechocystis sp. PCC6803 3 
Caspase catalytic subunit 75702127 Anabaena variabilis ATCC 29413 9 
(a) gl numbers from NCBI 
(b) Source organism from conventional MASCOT search and homology-based MS BLAST search. 
(c) No. of unique peptides 
(d) MASCOT score 
(e) Fold change based on isotope peptide intensity 
(f) CV for quantitation 
911 
131 
101 
494 
212 
142 
108 
231 
455 
135 
280 
554 
198 
215 
362 
135 
123 
237 
100 
181 
296 
290 
296 
206 
500 
(g) Functional categorisation based on Kazusa (http://bacteria.kazusa.or.jp/cyanobase/Synecho'Yslis/index.html) 
1.82 0.05 Transport and binding proteins 
1.51 0.03 Transport and binding proteins 
2.16 0.01 Uncategorised 
2.10 0.01 Uncategorised I 
I 
1.62 0.02 amino acid biosynthesis 
I 
1.72 0.07 amino acid biosynthesis 
1.50 0.12 Amino acid transport and metabolism 
Biosynthesis of cofactors, prosthetic 
1.51 0.06 groups, and carriers 
2.43 0.08 Cellular processes 
2.37 0.04 Central intermediary metabolism 
1.62 0.05 Central intermediary metabolism 
1.56 0.05 Energy metabolism 
1.82 0.09 Energy metabolism 
1.51 0.07 Energy metabolism 
Fatty acid, phospholipid and sterol 
1.55 0.04 metabolism 
1.85 0.03 Hypothetical 
2.27 0.10 Hypothetical 
1.82 0.01 Other categories 
1.74 0.01 Photosynthesis and respiration 
3.88 0.13 Photosynthesis and respiration 
1.71 0.05 Regulatory functions 
1.57 • 0.05 Translation 
1.51 0.10 Transport and binding proteins 
1.84 0.03 Transport and binding proteins 
1.65 0.04 Uncategorised 
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4.7.9 Adaptation to 6% salt from 3% salt 
Less than 10% of the proteins identified changed significantly in expression between 
conditions of 3% salt and 6% salt, implying cells are able to adapt to double the salt 
concentration with fewer significant cellular changes (Table 4.10). Despite only ten 
proteins decreasing in expression when cells were shifted to 6% salt, all proteins are 
similar to proteins which decrease in expression when cells are grown in 3% salt 
compared to no salt (Le. an increase in salt concentration in both). 
4.7.9.1. Transport and binding proteins 
Iron transport protein and periplasmic iron binding protein decreased 2.92 and 1.81-
fold from 3% to 6% salt, respectively. These changes again highlight the relationship 
between salt acclimation and iron acquisition. It appears that when adapted to salt, 
Euhalothece takes up less iron (in 3% and 6% compared to 0% salt) and stores more 
in the form of bacterioferritin. An ABC transporter for natural amino acids also 
decreased 1.78-fold, indicating a reduced requirement for these biomolecules. 
However, an increase (1.86-fold) in previously designated hypothetical protein 
sll0224 was observed, and it is now known to harbour a putative amino-acid ABC 
transporter binding protein. 
4.7.9.2 Bioenergetic processes 
Five proteins involved in energy requirement, mainly photosynthesis, decreased in 6% 
salt, in conjunction with a decreased growth rate. Three of these proteins are pigment 
related. Concurrently, chlorophyll a measurements in our cultures at the time of 
harvesting (Part A, section 4.3.8.1) were highest in the 3% culture, which showed the 
maximum growth rate. A reduction in glyceraldehyde-3-phosphate dehydrogenase 
(NADP+) (1.61-fold) and ATP synthase subunit A (1.5-fold) imply a reduction in 
carbohydrate degradation (glycolysis) and reduced ATP (energy) requirement, 
respectively. 
4.7.9.3 Cellular processes and regulatory functions 
The enzyme GG-phosphate synthase is involved in biosynthesis of GG, and increased 
1.82-fold in 6% salt. An expected increase in superoxide dismutase was seen again 
(1.81-fold)~ as well as the unexpected increase in LexA protein (1.54-fold). 
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4. 7.9.4 Translation 
Elongation factor Tu protein reduced 1.73-fold in 6% salt. It is hard to postulate the 
function of this protein in association with salt acclimation because it was identified in 
three additional gel bands with varying expression changes (down 1.35-fold, down 
l.l6-fold and up l.4-fold). This protein has a nominal mass of 43.8kDa, and was 
correctly found in this Mw region in two consecutive bands on the IDE gel. However, 
it was also found around 35kDa and 27kDa. This is interesting because truncated 
versio~s of elongation factor Tu and GroEL 1 have previously been associated with 
salt stress in Synechocystis [61], even though there is a possibility that they are simple 
breakdown products of the original protein. Glutamyl-tRNA synthetase is involved in 
attachment of the amino acid to its tRNA molecule, and it increased 1.56-fold. An 
increase was seen in this protein in Synechocystis cells in Chapter 3 and after 5 days 
in --4% NaCI, although a gene induction was not reported in a micro array study [60, 
61]. 
4.7.9.5 Hypothetical proteins 
Two hypothetical proteins increased in abundance in 6% salt conditions. 
Virginiamycin B hydrolase increased 1.54-fold, and is a salt response associated with 
Synechocystis [233]. This protein may be involved in the modification of the cell wall 
or extracellular layers in response to external high salt. Hypothetical protein Slll130 
(2.04-fold) has no known functional domains. 
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Table 4.10: Differentially expressed proteins between 6% and 3% salt identified by MASCOT and MS BLAST. Relative peak intensity ratios of 
both peptide versions (light and heavy) were used for quantitation. 
No. of 
Protein al(O) Source organism(b) peptideso 
ADAPTATION TO 6% SALT: Proteins induced in 3% salt compared to 6% salt 
Phosphoglycerate dehydrogenase 16330470 Synechocystis sp. PCC6803 3 
Periplasmic binding protein of ABC transporter for 
natural amino acids 16331678 Synechocystis sp. PCC6803 3 
Phycocyanin associated linker protein 16329821 Synechocystis sp. PCC6803 9 
Phycobilisome LCM core-membrane Hnker 
polypeptide 16331244 Synechocystis sp. PCC6803 14 
Phycobilisorne rod-core Hnker polypeptide CpcG 16329710 Synechocystis sp. PCC6803 8 
Glyceraldehyde-3-phosphate dehydrogenase 
(NADP+) 971587 Synechocystis sp. PCC6803 7 
ATP synthase subunit A 16329327 Synechocystis sp. PCC6803 4 
Elongation factor Tu 16330913 Synechocystis sp. PCC6803 5 
Iron transport protein 16329434 Synechocystis sp. PCC6803 2 
Periplasmic iron-binding protein 16331793 S ssp. PCC6803 8 
ADAPTATION TO 6% SALT: Proteins induced in 6% salt compared to 3% salt 
Aspartate aminotransferase 16331463 Synechocystis sp. PCC6803 3 
Superoxide dismutase 16330619 Synechocystis sp. PCC6803 6 
Virginiamycin B hydrolase 16331258 Synechocystis sp. PCC6803 3 
Hypothetical protein S"113O 16330120 Synechocystis sp. PCC6803 7 
glucosylglycerol-phosphate synthase 16330944 Synechocystis sp. PCC6803 3 
SOS function regulatory protein 16330362 Synechocystis sp. PCC6803 3 
Glutamyl-tRNA synthetase 16331631 Synechocystis sp. PCC6803 2 
H I protein sl10224 16329306 S ssp. PCC6803 3 
(a) gf numbers from NCBI 
(b) Source organism from conventional MASCOT search and homology-based MS BLAST search. 
(c) No. of unique peptides 
(d) MASCOT score 
(e) Fold change based on isotope peptide intensity 
(f) CV for quantitation 
Score(d) Fold change(·) 
236 1.54 
129 1.78 
574 2.65 
782 1.81 
485 1.70 
376 1.61 
213 1.50 
329 1.73 
83 2.92 
344 1.81 
202 1.55 
287 1.81 
144 1.54 
437 2.04 
172 1.82 
107 1.54 
115 1.56 
185 1.86 
(g) Functional categorisation based on Kazusa (http://bacteria.kazusa.or.jp/cyanobase/Synechocystis/index.html). 
C~ Functional catego~) 
0.07 Amino acid biosynthesis 
0.08 Amino acid transport and metabolism 
0.19 Photosynthesis and respiration 
0.19 Photosynthesis and respiration 
0.07 Photosynthesis and respiration 
0.14 Photosynthesis and respiration 
0.07 Photosynthesis and respiration 
0.21 Translation 
0.08 Transport and binding proteins 
0.05 Transport and binding proteins 
0.07 Amino acid biosynthesis 
0.05 Cellular processes 
0.31 Hypothetical 
0.05 Hypothetical 
0.00 Other categories 
0.03 Regulatory functions 
0.10 Translation 
0.04 Transport and binding 
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4.7.10 Adaptation to 9% salt from 3% salt 
Despite the combination of 3% and 9% salt phenotypes here, it is useful to interpret 
the changes in relation to section 4.7.9 (6% compared to 3% salt phenotype). A larger 
proportion of proteins changed in abundance when comparing 3% salt to 9% salt 
(35% of total proteins) than 3% to 6% salt (10% of total proteins) (Table 4.11). 
4. 7.10.1 Photosynthesis and respiration 
Six of the proteins which reduced in expression in 9% compared to 3% salt phenotype 
were pigment related. This overall response was also seen in 6% salt, and the change 
in colouration of cultures was apparent at time of harvesting, where the chlorophyll a 
content for 9% salt phenotype was only 0.6 ± 0.09 J.l.g mrl at O.D.s30nm = 0.6. Three 
proteins decreased in expression, although they showed no observable change in 6% 
salt, for example allophycocyanin alpha subunit (1.96-fold) and phycocyanin beta 
subunit (2.57-fold) implying adaptation to further increases in salt requires more 
drastic reduction in these pigment-associate proteins. In agreement, the ATP synthase 
subunit B reduced 1.77-fold in 9% compared to 3% salt, whereas the ATP synthase 
subunit A relative expression is 1.50-fold down in 6% compared to 3% salt. A 1.77-
fold increase in the C02 concentrating mechanism protein can be explained by an 
increase in demand for carbon, most likely for compatible solute production. 
4.7.10.2 Cellular processes 
Six stress related chaperones increased in expression (Table 4.11). Only superoxide 
dismutase was identified in data set 2 (i.e. 3 and 6% salt), and therefore it is not 
possible to conclude whether these stress proteins are required more specifically in 
very high (9%) salt. 
4. 7.10.3 Other proteins 
An increase in glycogen phosphorylase (1.91-fold) and GG-phosphate synthase (1.64-
fold) was expected as these are compatible solute related proteins, as mentioned 
previously. Interestingly, three hypothetical proteins increased significantly in 
expression which did not do so in 6% salt. Two (slr1894 and slr1963) have previously 
been associated with salt stress response in Synechocystis at the transcript and protein 
level [3,61], and one (sl11130) also increased in 6% salt. Slr1963 is widely accepted 
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to be a water-soluble carotenoid protein. A BLASTx search revealed significant 
similarity (82%) to a water soluble orange carotenoid protein from the 
cyanobacterium Arthrospira maxima. The increase in carotenoid proteins has 
previously been implic~ted in response to salt stress in cyanobacterial cells [195, 196, 
217] and eukaryotic green algae [197], and has also been associated with state 
transition in PSI and PSII within the thylakoid membrane [61]. Similarly, increases in 
308 ribosomal protein SI (1.87-fold) and a translation initiation factor (1.90-fold) 
were not seen at 6%, although they have been associated with salt acclimation 
previously [3, 60, 61]. This indicates that several salt response strategies observed in 
less tolerant strains, for example in Synechocystis, are conserved across cyanobacteria, 
but may playa role in higher salt concentrations in more halotolerant genera. Finally, 
an increase in LexA protein (1.90-fold) and elongation factor Tu (1.79-fold) were 
similar to the responses seen in 6% compared to 3% salt. 
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Table 4.11: Differentially expressed proteins between 9% and 3% salt identified by MASCOT and MS BLAST. Relative peak intensity ratios of 
both peptide versions Oight and heavy) were used for quantitation. 
No. of 
Protein gl(a) Source organism(b) peptideso Score(dl Fold change(e) cv<'I Fundional categoryW) 
ADAPTATION TO 9% SALT: Proteins induced in 3% salt compared to 9% salt 
Sulfate adenyItransferase 16330927 Synechocystis sp. PCC6803 3 203 1.77 0.01 Amino acid transport and metabolism 
Negative aliphatic amidase regulator 16331081 Synechocystis sp. PCC6803 3 166 1.77 0.01 Amino acid transport and metabolism 
slr0364 hypothetical protein 1001461 Synechocystis sp. PCC6803 5 1099 1.96 0.00 Hypothetical 
Hypothetical protein sir 1841 16330041 Synechocystis sp. PCC6803 3 194 1.80 0.01 Hypothetical 
Phycocyanin associated linker protein 16329822 Synechocystis sp. PCC6803 2 120 7.20 0.06 Photosynthesis and respiration 
Phycobilisome I'O!k:ore linker polypeptide 16329710 Synechocystis sp. PCC6803 4 176 3.72 0.02 Photosynthesis and respiration 
CpcG 
Phycocyanin a subunit 16329823 S~6ssp.PCC6803 7 546 2.70 0.00 Photosynthesis and respiration 
Phycocyanin associated linker protein 16329821 Synechocyst;s sp. PCC6803 7 395 2.57 0.01 Photosynthesis and respiration 
Phycocyanin beta subunit 1008532 Synechocystis sp. PCC6803 9 888 2.57 0.00 Photosynthesis and respiration 
Allophycocyanin alpha subunit 154450 Synechocystis sp. PCC6714 9 547 1.96 0.00 Photosynthesis and respiration 
ATP synthase subunit B 16330679 Synechocystis sp. PCC6803 9 587 1.77 0.00 Photosynthesis and respiration 
Nitrate transport 45kDa protein 16330084 S~tis sp. PCC6803 3 173 1.77 0.01 Transport and binding protein 
General seaetion pathway protein G 16330343 S 's sp. PCC6803 2 118 1.74 0.01 Unknown 
ADAPTATION TO 9% SALT: Proteins induced in 9% salt compared to 3% salt 
Phosphoglycerate dehydrogenase 16330470 Synechocystis sp. PCC6803 2 95 1.75 0.15 Amino acid biosynthesis 
Aspartate aminotransferase 16331463 S~tis sp. PCC6803 4 206 1.52 0.01 Amino acid biosynthesis 
Peroxiredoxin 23126633 Nostoc punctiforme PCC 73102 4 176 1.54 0.03 Cellular processes 
SOkDA chaperon in 2 16331442 Synechocystis sp. PCC6803 22 1461 2.07 0.24 Cellular processes 
Chaperonin GroEL 16330003 SynechocysOs sp. PCC6803 19 1219 3.29 0.26 Cellular processes 
Superoxide dismutase 16330619 Synechocystis sp. PCC6803 5 348 1.75 0.07 Cellular processes 
SOkD chaperonin 2 16331442 Synechocystissp.PCC6803 6 304 1.54 0.11 Cellular processes 
Heat shock protein 90 16332281 Synechocystis sp. PCC6803 4 235 1.69 0.08 Cellular processes 
Glycogen phosphorylase 16330178 Synechocystis sp. PCC6803 13 773 1.91 0.12 Central intermediary metabolism 
carbamoyl-phosphate synthase large subunit 1001668 Synechocystis sp. PCC6803 8 370 2.11 0.10 Energy metabolism 
Hypothetical protein slr1894 16329942 Synechocystis sp. PCC6803 5 311 1.52 0.05 Hypothetical 
Hypothetical protein sir 1963 16330780 Synechocystis sp. PCC6803 8 518 1.53 0.12 Hypothetical 
Hypothetical protein slrOOOS 16331389 Synechocystis sp. PCC6803 4 260 2.78 0.06 Hypothetical 
Hypothetical protein SII1130 16330120 Synechocystis sp. PCC6803 5 299 1.91 0.08 Hypothetical 
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glucosylglycerol-phosphate synthase 16330944 Synechocystis sp. PCC6803 5 
C02 concentrating mech Conk 16329368 Synechocystis sp. PCC6803 5 
505 function regulatory protein 16330362 Synechocystis sp. PCC6803 3 
Amino acid adenylation 67921836 Crocosphaera watsoniiWH 8501 9 
Elongation factor Tu 16330913 Synechocystis sp. PCC6803 9 
30s ribosomal protein 51 16330162 Synechocystis sp. PCC6803 2 
Translation initiation factor IF-2B subunit a 16331195 Synechocystissp.PCC6803 2 
Nuclear transPOrt factor 2 75703n2 Anabaena variabilis ATCC 29413 15 
(a) gI numbers from NCBI 
(b) Source organism from conventional MASCOT search and homology-based MS BLAST search. 
(c) No. of unique peptides 
(d) MASCOT score or MS BLAST (bold text) score 
(e) Fold change based on isotope peptide intensity 
(f) CV for quantitation 
279 
327 
137 
336 
575 
92 
127 
611 
(g) Functional categorisation based on Kazusa (http://bacteria.kazusa.or.jp/cyanobaselSynechoo/stislindex.html). 
1.64 0.04 Other categories 
1.n 0.07 Photosynthesis and respiration 
1.90 0.17 Regulatory 
2.04 0.04 Secondary metabolites biosynthesis, 
transport, and catabolism 
1.79 0.11 Translation 
1.87 0.23 Translation 
1.90 0.24 Translation 
1.75 0.05 unknown 
--
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4.8 Conclusions to Part B 
In Part B, a large-scale cross-species proteome analysis of an extremophilic 
cyanobacterium was conducted in response to no salt and very high salt. Large format 
ID SDS-PAGE was implemented for protein separation and visualisation as opposed 
to 2DE in Part A. Together, using the conventional Mascot algorithm, the sequence-
similarity search algorithm, MS BLAST, and a nitrogen-constraint, 383 unique 
proteins were confidently identified. Synechocystis was the major source organism 
(82.5% of the total unique proteins) even though 22 others organisms were used. The 
average CV of quantitations across biological replicates was 0.10, and protein 
abundance change (50%) relevant to long-term adaptation was deemed acceptable. 
The response to 0% salt is interesting and seems to suggest that even though 
Euhalothece cells can grow in non-saline conditions, they require the production of 
molecular chaperones. Cells appear to have similar mechanisms to cope with high salt 
concentrations (6% and 9%) as the freshwater cyanobacterium Synechocystis responds 
to slightly lower concentrations (2-4%), including increases in stress chaperones and 
antioxidative enzyme superoxide dismutase, alterations to cell wall, as well as a 
decreased pigment production. Additionally, similar proteome responses were 
observed when changing from a non-saline to a 3% saline environment. A possible 
enhancement of energy metabolism and central intermediary metabolism included an 
increase in synthesis of compatible solute GG. Major differences were seen when 
Euhalothece was cultured in 0% compared to 3% salt. A non-salt medium induced 
several molecular chaperones to be produced, including a hypothetical protein with 
PPlase activity. There is also a probable increase in demand for carbon and iron in 0% 
salt, supported by enhanced abundance of carbon uptake and fixation proteins and 
periplasmic iron binding protein. Proteins not previously described in salt adaptation, 
such as LexA (also seen in Part A) were also identified. The exact function of this 
regulatory protein, in acclimatising Euhalothece cells to salt, remains to be uncovered. 
Finally, Part B demonstrates that utilising ID-SDS PAGE with metabolic labelling, 
and a combination of protein identification software, improves accuracy in 
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quantitation and identification of proteins in this unsequenced organism, and provides 
valuable insights into its adaptation to a hostile environment. 
4.9 Comparisons of data sets in Part A and B, and concluding remarks 
In Part A, an overview of the salt response in Euhalothece was achieved. The results 
indicate that salt responsive strategies are shared amongst cyanobacteria. It was also 
concluded that implementing a pre-screen step for identifying proteins of interest 
reduced overall experiment time, and made it possible to make an overall assessment 
of the ability to investigate the Euhalothece proteome using the techniques employed. 
Additionally, there were 22 proteins exclusively identified and quantified in Part A 
(not found in Part B), and this can be attributed to the superior fractionation compared 
to SDS-P AGE alone, enabling analysis of proteins in relatively lower abundance. 
Despite the added advantage of confirming a proteins' identity using pI and Mw, 
using densitometry-based semi-quantitation also led to potentially higher rates of false 
positive and false negative candidates as proteins of interest (Table 4.5). In addition, 
using 2DE limited the study to mainly soluble proteins with a pI range of 4 to 7. 
Part B was undertaken with the intention of gaining a more complete data set on the 
Euhalothece proteome and was achieved with a larger range of salt concentrations (up 
to 9% w/v salt). Prefractionation of proteins using SDS-PAGE meant limitations 
associated with 2DE discussed above, were reduced. Metabolic labelling of proteins 
was chosen as the quantitation method due to the advantages extrapolated in Part A. 
This analysis led to the discovery that Euhalothece cells elicit a 'stress' response in no 
salt conditions, a reaction not perceived with the substantially smaller data set in Part 
A. 
39 proteins spots matched across the 2DE gels (Part A) were also quantified in Part B, 
and represent 25 unique protein species. 29 quantitations were in concordance (up, 
down or non-regulated). Interestingly, in 9 of the 10 cases where quantitations were 
not in agreement, a significant quantitation change (~1.5 fold) was seen in Part A, 
whereas no change was seen in Part B. This could be due to several factors which 
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constitute intrinsic differences in the methodologies employed. Differences in sample 
preparation included mixing of cells with approximation of cell numbers using optical 
density measurements (Part A), compared to mixing extracted protein (Part B). 
Technical differences included an extra separation dimension in Part A. Data handling 
differences are also apparent, for example, normalisation of data in Part A occurs at 
the densitometry analysis stage (pre-screen) and is based on the pixel intensity of each 
spot identified being normalised against the total pixel density arising from all the 
protein spots on the gel (equation 4.1). Contrastingly, in Part B, normalisation was 
achieved by correcting the ratio towards a median change of unity. There is also the 
argument for biological variance, but it should be noted that in both studies, biological 
replicate analysis was incorporated. Finally, in no cases did a quantitation in Part A 
have a complete opposite result in Part B (up regulated in one and down regulated in 
the other, and vice versa). 
It can therefore be concluded that the study in Part A was useful to assess the ability 
to subsequently generate a larger data set in this unsequenced environmental isolate, 
as well as giving an insight into it salt adaptive behaviour. Moreover, despite the extra 
workload associated with Part B, results from Part A were enhanced and led to 
discovery of new findings. 
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Chapter 5: A comparative proteomics 
study of salt tolerance between a non-
seguenced extremely halotolerant 
cyanobacterium and its freshwater 
relative using in vivo metabolic and in 
vitro isobaric labelling3 
3 This work has been submitted for publication in Journal 0/ Proteome Research 
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5.1 Introduction 
In the last two chapters, large-scale proteomics studies have been conducted to 
elucidate the salt response in a moderately halotolerant (Synechocystis) and an 
extremely halotolerant (Euhalothece) cyanobacterium. Both studies employed 
different protein fractionation, identification and quantitative techniques, but 
revealed that many of the strategies to adapt to high salt are shared between the 
microbes. Importantly, the proteome sequence similarities between the organisms 
meant that peptide sequences in Synechocystis from the public database provided 
identification evidence for 82.5% of the proteins confidently identified in 
Euhalothece (Chapter 4). Moreover, the similarities between Synechocystis and 
Euhalothece are demonstrated in several characteristics including 16S rRNA 
sequence (80%), morphology and size (see Table 5.1). The intrinsic similarities 
therefore offer two distinct advantages that aid a rounded proteomic comparison of 
salt adaptation strategies. Firstly, a direct comparison between cyanobacteria, which 
have varying levels of tolerances to salt can be readily weighted. Secondly, with the 
reliance on putative peptide sequence orthology to provide cross-species protein 
identification and quantitation, a direct relative comparison of this nature has the 
potential to reveal distinctive proteomic patterns in Synechocystis cells compared to 
Euhalothece cells, over a range of salinity concentrations. 
Table 5.1: A general comparison between Synechocystis and Euhalothece cells 
[135, 149, 161]. 
lEuhalothece ~ynechocystis 
~ell shape 1C0ccoid/bacilloid 1C0ccoid (non-sheathed) 
If some sheathed) 
~ell type lunicellular lunicellular 
~ell size 0 ~.25-3.4~M 12-4~M 
!pigments IChl alb IChl alb 
rrolerance group !High (max -15%) 1M0derate (max -7%) 
~ompatible solute plycinebetaine, IGlucosylglycerol 
~lutamatebetaine 
lducosylglycerol 
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Taji et al. (2004) carried out a comparative cDNA microarray-based study on salt 
, 
tolerance in the higher plants, Arabidopsis and Salt Cress (Thellungiella halophile) 
[12]. Salt Cress can tolerate high salt concentrations, and is therefore referred to as 
a halophyte, whereas Arabidopsis, like most plants, is a glycophyte. The cDNA 
micro array approach was possible because the similarity of the nucleotide 
sequences between the two organisms is >90% [12], and they share several other 
similar characteristics. The basis for the comparison is the theory that nearly all salt 
tolerance genes are present in both highly salt sensitive and highly salt tolerant 
plants, suggesting differences in gene regulation are significant [12, 346]. 
Interestingly, the results indicate that salt stress tolerance of Salt Cress may be due 
to constitutive overexpression of many genes that function in stress tolerance under 
normal growth conditions, and these genes are stress inducible in Arabidopsis [12]. 
Consequently, cross-species studies do not solely seek to reveal novel salt 
responsive mechanisms, but rather highlight the level of control associated with 
adaptation strategies, and this initiative is applied here. 
A proof of concept has been demonstrated by Snijders et al. [347], that shared 
tryptic peptides from proteins which are encoded in different species are suitable for 
relative quantitation across the species boundary. By metabolically labelling one 
proteome eSN) and mixing it with the non-labelled proteome e~), the relative 
abundance of proteins can be calculated by MS stage for those which share tryptic 
peptides. However, for this to be successful with an unsequenced organism, a 
significant number of shared peptides are necessary. In Chapter 4, the Mascot 
algorithm was used for protein identification, which requires an ortholog match 
within the search database. In Euhalothece, there were sufficient orthologous 
peptides within the nrNCBI database to result in sufficient meaningful 
identifications. In total, 95% of identifications came from peptides originating from 
Synechocystis (Chapter 4). This demonstrates that the extent of homology between 
these genera of cyanobacteria is suitable for a relative quantitation study of proteins 
across the species boundary. 
This cross-species approach is applied here to compare the relative abundance of 
proteins through sequence identity of shared peptides in conditions of low (0% 
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w/v), medium (3% w/v) and high (6% w/v) salt, in Synechocystis and Euhalothece. 
By assessing protein abundance differences between the organisms, implications for 
adaptation mechanisms to high salt conditions are discussed. Proteins will be 
fractionated by SDS-PAGE as performed in Chapter 4, Part B, due to the benefits of 
such an approach, including superior proteome coverage. Furthermore, this 
separation method did not to lead to differential elution of heavy and light forms of 
the same protein [74, 348], highlighting its robustness. In conjunction with 
metabolic labelling, an iTRAQ experiment is designed to complement proteomic 
findings on Euhalothece and Synechocystis cells cultured in 6% salt. This presents 
the first application, at least to the author's knowledge, of relative protein 
quantitation, across the species boundary, using iTRAQ-based quantitation. 
Therefore, both quantitative techniques applied in Chapters 3 and 4 are used in 
parallel here, and the quantitation and identification outcomes are gauged for both 
confirmatory and complementary purposes. 
5.2 Methods and materials 
An overview of the experiment programme conducted in this study is provided in 
Figure 5.1. 
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Figure 5.1: Overview of the experiment design. Euhalothece is cultured in ISN_ 
BG 11 media and mixed in equal amounts with Synechocystis cells cultured in 14N_ 
BG 11 media, in three salt concentrations (0, 3 and 6%), in triplicate. Shared tryptic 
peptides are used for quantitation. iTRAQ is performed using biological replicate 
cultures in BG 11 media. Green lines represent interspecies comparisons and red 
lines represent intraspecies comparisons. 
S.2.1 Cell culture preparations and growth 
Euhalothece and Synechocystis cells were grown separately in batch culture in 250 
ml flasks at 24°C in modified BGll medium [135]. Three separate cultures were 
grown in triplicate, differing in salt (NaCI) concentration, low (0% w/v), medium 
(3% w/v) and high salt (6% w/v). All Euhalothece cultures were grown in modified 
BG 11 medium, where the major nitrogen source, sodium nitrate (NaN03) was 
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replaced with heavy sodium nitrate (Na1sN03) for the metabolic labelling strategy 
(see Chapter 4, section 4.2.1). 
It was imperative to keep all external environmental factors as similar as possible 
for both organisms. All cultures were buffered to pH 7.4 with 50 mM MOPS, 
illuminated on a 12 hour light-dark cycle at 90 J.l.Einsteins m-2 S-1 with continuous 
shaking at 220 rpm. Cell growth was measured using optical density measurements 
(wavelength of 730nm) using an UltraSpec 2100 Pro spectrophotometer 
(Amersham Biosciences, Buckinghamshire, UK). 
5.2.2 Protein preparation 
Growth was followed to mid-late exponential phase (O.D.7300m = -1.0). 50 ml of 
cells were harvested by centrifugation (10,000 x g and 4°C) for 20 minutes. Two 
additional biological replicate sets of these cultures were also treated in parallel. 
Cells were washed with 5 volumes of a sucrose based buffer and proteins extracted 
as performed in Chapter 3, section 3.2.2. Recovery of soluble proteins was achieved 
by centrifugation (21,000g at 4°C) for 30 minutes. A HiTrap desalting column 
(Amersham Biosciences) was implemented according to the manufacturer's 
protocol. The total protein concentration obtained was quantified in triplicate using 
a range of dilutions (to maximise accuracy) with the RC DC Protein Assay 
(BioRad, Hertfordshire, UK). 
5.2.3 Protein fractionation 
As detailed in Figure 5.1, three different protein mixtures were created: (1) a 
mixture of 0% salt Synechocystis protein extract e~) and 0% salt Euhalothece 
protein extract e~), (2) a mixture of 3% salt Synechocystis protein extract e~) 
and 3% salt Euhalothece protein extract eSN), and (3) a mixture of 6% salt 
Synechocystis protein extract e~) and 6% salt Euhalothece protein extract e~) 
(50J.l.g of each protein extract). 
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Each protein mixture was combined with Sample BufferlLaemmli Buffer (Bio-
Rad), to 2 volumes of the original sample. 4% stacking gel and 12% resolving gel 
was used-for SDS-PAGE gels (size: 17 cm long x 17 cm width x 0.75 mm thick). 
Technical (n=2) and biological replicate (n=3) gels were run. The samples were 
loaded into wells and using the Protean II Multicell (BioRad) apparatus, they were 
run at 100V for 40 minutes and 280V for 4 hours. Afterwards, gels were washed 
and stained and after band excision, proteins were extracted and digested following 
the procedure detailed in Chapter 4, section 4.6.3. 
5.2.4 Protein identification with peptide fractions from SDS-P AGE 
Peptide separation was accomplished on a Pep-Map C-18 RP capillary column 
(Famos, Switchos and Ultimate LC system from DionexlLC Packings, Amsterdam, 
Netherlands) interfaced to a QStar XL Hybrid ESI-qQ-TOF-MSIMS (AB, 
Framingham, MA, USA; MDS- Sciex, Concord, Ontario, Canada). 
Chromatography and MS settings were used as described in Chapter 4, section 
4.6.4. IDA data was searched using Mascot Daemon (Matrix Science) version 2.1.3 
in a sequence query type of search based on MSIMS spectra against the 
Synechocystis protein database (3264 ORF's, retrieved from NCB I Refseq, March 
2007). Search parameters included a 1.2 Da peptide tolerance and 0.6 Da MSIMS 
tolerance. One mis-cleavage of trypsin was allowed. Modifications were set as 
carbamidomethyl of cysteine (fixed), and oxidation of methionine (variable). Only 
high confidence Mascot identifications were considered further, where a MOWSE 
score of>38 is equal to a significant hit ofp<0.05 [93]. 
5.2.5 Protein quantitation using MSQuant 
Protein quantitation was achieved using MSQuant software 
(http://msquant.sourceforge.netl) with default settings for ISN labelling quantitation. 
This software requires raw data files from the mass spectrometer together with its 
search result file (HTML) generated using the Mascot Daemon search engine. It 
processes spectra and presents peptide quantitations which are further used to 
calculate protein quantitations. All quantitations were manually inspected. Proteins 
were only treated as significantly different in abundance between the species with 
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fold changes of2 or greater (refer to section 5.3.2). In addition, the detection of2 or 
more peptides was a prerequisite for quantitation significance (which ensured 
greater confidence in the accuracy of the ratio). Statistical evidence of quantitation 
was improved by also subjecting the same spots excised from two separate 
biological replicate gels (3 biological replicates in total) to the same workflow. 
5.2.6 iTRAQ labelling and peptide fractionation 
100J.1g of protein from (i) Euhalothece in 6% salt, (ii) Synechocystis in 6% salt and 
(iii) Synechocystis 6% salt (biological replicate) were precipitated using 
TCA/acetone at -20°C. This was performed as described in Chapter 3, section 3.2.2. 
The resulting pellet was washed with ice-cold acetone, and resuspended in 30 J.1L of 
0.5M TEAB buffer. Each sample was reduced, alkylated, digested with typsin, and 
labelled with iTRAQ reagents according to the manufacturer's (AB) protocol with 
modifications. iTRAQ tags 115, 116 and 117 were used for Synechocystis in 6% 
salt, Synechocystis in 6% salt (biological replicate) and Euhalothece in 6% salt, 
respectively. After labelling, samples were combined and dried in a vacuum 
centrifuge (Model 5301, Eppendorf, Cambridgeshire, UK) at room temperature. 
Fractionation of samples was achieved using strong cation exchange as described in 
Chapter 3, section 3.2.3. A UV detector UVDI70U and Chromeleon Software 
v6.50 (DionexlLC Packings, The Netherlands), was used to monitor the 
chromatogram as fractions were collected every minute using a Foxy Jr. Fraction 
Collector (Dionex). Pooling of fractions was performed depending on the peak 
intensities in the UV chromatogram and produced 20 samples. Samples were dried 
in a vacuum concentrator, and stored at -20°C prior to MS analysis. 
5.2.7 Protein identification and data analysis using iTRAQ 
Dried peptide samples (20) were resuspended in aqueous Buffer A (3% acetonitrile, 
0.1 % formic acid) and injected into a capillary liquid chromatography system 
coupled to a QStar XL Hybrid ESI Q-TOF-MSIMS. Using a flow rate of 0.3 
J.1L1min, peptides were separated on a Pep Map C-18 RP capillary column with the 
same parameters described in Chapter 3. Data acquisition in the mass spectrometer 
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was set to the positive ion mode, with a selected precursor mass range of 300-2000 
mlz over an accumulation period of 1 second. Tandem fragmentation of 2 
dynamically selected precursors was performed over an extended scan from 65-
1600 over 3 second accumulation. An elevated collision energy range was also 
implemented to overcome the stabilizing effects of the isobaric tags [85]. MSIMS 
was performed preferably on peptide ions with +2 and +3 charge states. Sample 
fractions were re-injected twice to increase coverage confidence in identification 
and quantitation. 
A pooled list of acquisition data were analysed for protein identification and 
quantitation using ProteinPilot™ Software v2.0 (AB, MDS Sciex) which employs 
the Paragon Search algorithm [290]. The search was performed using the 
Synechocystis protein database (3264 ORFs) downloaded from NCBI (Ref Seq, 
March 2007). Customised search parameter settings have been employed to include 
cysteine-fixed modification, mass tolerance and mis-cleavages. Protein 
identifications were accepted as positive with a probability filter cut-off of 95% 
(Prot Score of 2: 2.0) and P-value. False positive rate was calculated using a decoy 
interrogator search database [91, 98, 349], as performed in Chapter 3. The decoy 
database strategy using reversed concatenated proteome sequences has been shown 
to allow an accurate estimation of the theoretical error associated with false 
determination rate (FDR) measurements [98]. To achieve a rounded estimation for 
false positive determination, reversed proteomes of three cyanobacteria which are 
fully sequenced, and closely related to Euhalothece (based on 16S rRNA analysis, 
Nostoc punctiforme PCC73 102, 78% and Nostoc sp. PCC7120, 75%) were 
employed for the estimation of FDR. Sequence reversal and concatenation was 
performed using a basic pre-programmed Perl script. FDR search was subsequently 
performed by re-analysing MS data files with identical parameters though 
ProteinPilot™ Software version 2.0. 
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5.3 Results and discussion 
5.3.1 Growth analysis 
The growth rate of Euhalothece is slower than Synechocystis in all three salt 
concentrations (Figure 5.2). Therefore, to allow a meaningful comparison of protein 
abundance data, cell harvesting and protein extraction were performed in each 
species during the same growth phase when cell density (based on O.D.) was as 
similar as possible (Figure 5.2). The mid-exponential growth phase (prior to phase 2 
in Figure 5.3) was used. 
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Figure 5.2: Growth curves of Synechocystis (dashed line), Euhalothece (complete 
line). The lines represent averaged figures of three biological replicates grown in 
0% salt. Inset: growth rates (d- I ) for both organisms in the differing salt 
concentrations. Cells were harvested in the same growth phase, mid-late 
exponential (connector line). 
Figure 5.3 visually demonstrates how Euhalothece and Synechocystis cells tolerate 
the effects of high salt. During phase 2, complete pigment loss (chlorosis) occurs in 
the Synechocystis cells in 6% salt concentration and higher. The maximum salt 
concentration Synechocystis can tolerate is ca.7% [161], but clearly the observations 
show cells must be revived in fresh media to maintain survival. Conversely, 
Euhalothece cells can tolerate all five salt concentrations but begin to show signs of 
chlorosis in 12% salt during mid-stationary phase (Figure 3, phase 3). It is therefore 
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recommended to refresh the media for this organism before this time period elapses. 
The loss of green colouration is due to a decrease in chlorophyll levels, but these 
high salt conditions have also been associated with the production of carotenoids in 
extremely halotolerant cyanobacteria, and this could explain the yellowlbrown 
pigmentation [151]. 
[Salt] 0 3 6 9 12% o 3 6 9 12% 
Phase 1 
Figure 5.3: Effect of increasing salt concentration on the pigmentation of 
Synechocystis (right hand side) and Euhalothece (left hand side) cells. Phase 1 -
early exponential phase, Phase 2- late exponential phase, Phase 3- mid-stationary 
phase, Phase 4-late stationary/death phase. 
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5.3.2 Metabolic labelling data analysis 
The ISN incorporation efficiency was computed using three peptides from the 
highly abundant protein phycocyanin, as performed in Chapter 4, and was found to 
be 98.05% ± 0.21. 
The protein abundance in three different salt concentrations, compared across the 
species boundary, produced three data sets. These were denoted data set A (0% 
NaCI Euhalothece and 0% Synechocystis NaCI comparison), data set B (3% NaCI 
Euhalothece and 3% Synechocystis NaCI comparison) and data set C (6% NaCI 
Euhalothece and 6% Synechocystis NaCI comparison). The full data list is available 
in Appendix E. 127, 108 and 120 proteins were identified in data sets A, Band C, 
respectively. However, identifications were only treated as statistically relevant if 2 
or more peptides per protein were identified. This meant a total of 203 unique 
proteins were confidently identified across all three conditions (summarised in 
Appendix E) and 87, 67 and 93 proteins were quantified in data sets A, B and C, 
respectively. There were 34, 30 and 22 proteins which were identified and 
quantified in both data sets AlB, B/C and AlC, respectively. Selected bands from 
two biological replicate gels for all three salt concentrations were sUbjected to the 
same workflow and a comparison of protein quantitation data gave a log mean 
average CV of 0.15. Therefore, for sufficient statistical stringency, proteins with a 
higher abundance (note here that up-regulation and down-regulation is 
inappropriate terminology in this cross-species quantitation study) by >2-fold only, 
were considered as biologically relevant differences between the species. Using 
these criteria, 26, 16 and 17 proteins had differential abundance between the species 
in 0% (data set A), 3% (data set B) and 6% (data set C) salt (refer to Table 5.2). 
Protein abundance differences are interpreted in respect to salt concentration in 
section 5.3.4. 
In addition to multiple proteins identified in each band, some proteins were 
identified in more than one band. In the majority of cases these bands were adjacent 
to each other, however, for situations where this was not the case, only proteins 
which corresponded to gel bands of the correct molecular weight range were 
reported. Protein positioning which did not correctly match theoretical molecular 
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weight may be caused by damage or truncation. In all duplicate cases, quantitations 
were checked manually for consistency. 
When using tryptic peptides as identifiers for proteins, they are often of sufficient 
length to be used as a unique identifier for the protein, referred to as distinct 
peptides. However, in many cases they may not be unique, and could be sourced 
from more than one protein and termed shared peptides. This makes it increasingly 
difficult to obtain meaningful quantitative data, and several studies have dealt with 
this protein inference problem with specific algorithms [350, 351]. Here, 
prefractionation using SDS-PAGE means protein size can be used as an additional 
identifier ensuring peptides are correctly assigned to a protein, and are unlikely to 
be shared peptides from a paralogous protein. It is important to note here that an 
unsequenced organism is a subject in this study, and it is not possible to elucidate 
whether peptides are shared or distinct within its proteome. Therefore avoiding 
misleading quantitations requires high confidence protein identifications. 
Inconsistent quantitations occurred once in the 3% salt gel, where ribulose 
biphosphate carboxylase was identified in two gel bands. The following three 
peptides were used for quantitation, LTYYTPDYTPK, TFQGPPHGITVER, and 
LEDIRFPVALIK, giving different results (0.35 and 1.22-fold changes). Although 
these peptides are not shared in Synechocystis and are sourced from Ribulose 
biphosphate carboxylase only, it is not certain at this stage which protein 
quantitation applies to it. Therefore, by elucidation of the molecular weight in the 
gel (-50kDa), we can see that the peptides quantified as 0.35 e~ and 1~) are 
sourced from ribulose biphosphate carboxylase (-53kDa). 
In this study, peptides from orthologous proteins in different organisms are used for 
quantitation and these proteins will have different amino acid sequences. This will 
affect the physicochemical properties of the protein and hence potentially change 
the accessibility of trypsin to its cleavage sites, C-terminal to arginine and lysine. 
Ultimately this would lead to varying peptide intensities for the same protein and 
lead to large standard deviation values. This does not seem to pose a problem using 
the in-gel digestion strategy implemented here, because the standard deviations are 
low with an average 0.09 ± 0.10 across all proteins quantified. 
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5.3.3 iTRAQ data analysis 
An iTRAQ experiment was run with biological replicate cultures comparing 
Euhalothece and Synechocystis cells adapted to 6% salt. As noted, this was 
conducted firstly as an investigation to gauge the applicability of in vitro isobaric 
tagging in cross-species proteomics, and secondly as a corroborative technique to 
compare with findings obtained using in vivo metabolic labelling technique (i.e. a 
comparison between quantitative techniques employed in Chapter 3 and 4). 
Naturally, the limitations on proteomic identifications and quantitations for 
metabolic labelled cross-species studies also apply for the iTRAQ technique, where 
quantitation of proteins across all three labels could only occur where peptides of 
identical sequences exist across both species of interest. Using dynamic filters for 
protein confidence at a cut-off of 95%, a total of 207 unique proteins were reliably 
identified with MSIMS. 
A measure of false positive identifications is invaluable in the case of handling a 
large proteomic dataset, hence the rate of false positive identifications was 
calculated using a well accepted methodology outlined by Elias et al. [98]. A 
reverse database was created using Synechocystis, Nostoc punctiforme PCC73102 
and Nostoc sp. PCC7120 proteomes in order to assign a 'decoy' to identify falsely 
determined spectra using the same algorithm. Statistically, 24 falsely determined 
spectra were identified using the decoy database above the confidence interval of 
80% and 10,722 spectra were assigned to valid peptides above the same level of 
confidence interval in the 'true' database search. Thus, as described by Elias et al 
[98], the resulting false positive rate determined should be in the region of 0.4%. 
In an attempt to statistically relate the observations to biological variation in these 
systems, two biological replicate samples (115 and 116 tag labelled peptides) were 
used to estimate the CV, using calculations described previously [82] and in 
Chapter 3. The measure provided an average variation of 30%. Upon estimating a 
measure for biological variation, there were 20 proteins which were similarly 
determined to be significantly different (>2 fold increase) in relative abundance 
across both biological replicates. 
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Using iTRAQ labelling in cross-species proteomics is successfully demonstrated 
here, with the identification (using sufficiently stringent criteria) and quantitation of 
over 200 proteins. Of course, the overall success of similar cross-species 
proteomics studies using isobaric tags will always be dependant on the number of 
shared tryptic peptides between species, or between the unsequenced organism and 
sequences currently available in databases. These criteria equally apply to cross-
species quantitation using metabolic labelling. Snijders et al [347] provided an in 
silico analysis of the using shared tryptic peptides for cross-species quantitation in 
several organisms (spanning archaea, eubacteria and eukaryotes). They revealed 
that approximately one third of all proteins shared >40% of peptides with at least 
one other protein in a related species, showing the strong application potential of 
this technique. The study in this chapter is the first application of this method, to the 
author's knowledge, in comparing biological adaptation in different organisms (see 
Appendix F for full iTRAQ results). 
5.3.4 Protein abundance differences 
Differences in protein abundance were interpreted in three parts relating to the salt 
concentrations under investigation (Table 5.2). 
5.3.4.1 0% salt 
The greatest differences in protein abundance (26 proteins) quantified using 
metabolic labelling was observed in 0% salt (see Table 5.2). This was expected 
because the study in Chapter 4, Part B, showed that Euhalothece potentially belongs 
to a unique cluster in its genera, and exhibits a 'stress' response in no salt. In 
contrast, Synechocystis is essentially a fresh water cyanobacterium [135, 161]. 9 
proteins were more abundant in Synechocystis (i.e. with a quantitation ratio l~/lSN 
2: 2) and 17 were more abundant in Euhalothece (i.e. with a quantitation ratio 
l~/lSN ~ 0.5) (Table 5.2). 5 proteins involved in energy metabolism as well as 
energy synthesis were more abundant in Euhalothece. This could be in response to 
the stress this extremophile experiences in no salt, a reaction not seen in 
Synechocystis in these conditions. Three stress related proteins were also more 
abundant in Euhalothece, including the hypothetical protein slrl894 (2.03-fold 
more abundant in Euhalothece i.e. with a quantitation ratio l~/lSN of 0.49 in Table 
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5.2) which is a putative DNA-binding stress protein. Rehydrin (2.08-fold more 
abundant in Euhalothece) harbours peroxidise activity (anti-oxidative) and 
methionine sulfoxide reductase A (2-fold more abundant in Euhalothece) has been 
shown to function as an antioxidant repair enzyme in Arabidopsis when ROS cause 
the oxidation of methionine residues in cells experiencing cold, drought or salinity 
stress [349]. However, a higher abundance (over 3-fold) of anti-oxidative enzyme 
superoxide dismutase was seen in Synechocystis cells when compared to 
Euhalothece. Two proteins involved in iron acquisition, iron transport protein and 
periplasmic iron binding protein, displayed the largest abundance differences in 
Euhalothece cells at 3.49 and 3.96-fold more than in Synechocystis, respectively. 
An up-regulation in peri plasmic iron binding protein was seen in Euhalothece cells 
in Chapter 4, Part B, in 0% salt compared to 3% salt, suggesting they playa vital 
role in cells adaptation to no salt. In salt-stressed Synechocystis cells, proteins 
involved in protecting PSII under iron deficiency (FutAl and Vippl) have been 
induced [224] implying a co-relationship between proteins involved in iron and salt 
'stress'. The regulatory protein LexA was also more abundant (2.02-fold) 10 
Euhalothece cells compared to Synechocystis cells in these conditions. 
5.3.4.2 3% salt 
Euhalothece cells can tolerate much higher salt concentrations than Synechocystis 
cells [135, 149]. The differences in relative abundance of proteins in 3% salt 
support this, as a stress response is more evident in Synechocystis in comparison to 
Euhalothece. 13 proteins were more abundant in Synechocystis, whereas only 2 
proteins were more abundant in Euhalothece (Table 5.2). Synechocystis cells appear 
to be more stressed in these conditions, and a larger energy requirement is 
postulated by more abundant ATP synthase subunits A (5.56-fold) and B (7.14-
fold) and PPP enzyme phosphoribulokinase (2.08-fold). The latter enzyme is 
ultimately involved in C02 assimilation [352]. In addition, higher abundances of 
central intermediary (carbon utilisation) and energy metabolism proteins (glycogen 
phosphorylase, phosphoglucomutase, fructose-l,6-biphosphatase, ribulose 
biphosphate carboxylase) may imply the additional requirement of carbon for the 
synthesis of the compatible solute, GG; an increase in all these proteins has 
previously been observed at the protein level in acclimation of Synechocystis to ca. 
4% salt compared to no salt [61]. Synechocystis cells also harbour relatively higher 
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amounts of nitrogen regulatory protein PH and GDP-D-mannose dehydratase 
compared to Euhalothece. The latter enzyme is responsible for modifying 
extracellular polysaccharides [353], which may be in response to external 
conditions. Increased levels of anti-oxidant superoxide dismutase (2.04-fold) 
implied extra stress in Synechocystis, together with hypothetical protein slrl963 (2-
fold). As discussed in Chapters 3 and 4, hypothetical protein slr1963 shares 
similarity to an orange carotenoid protein, and these proteins are involved in cell 
protection during acclimation to salt environments [195,196,217]. Interestingly, in 
Chapter 4, this protein was found to be up-regulated in Euhalothece cells in 
response to 9% salt compared to 3% salt, but not in a lower salt concentration (6% 
compared to 3% salt), and this may explain the relatively lower abundance of this 
protein in Euhalothece in 3% salt in comparison to the amount observed in 
Synechocystis. Phycocyanin subunits a and b were the only proteins quantified to be 
less abundant in Synechocystis cells. Reduced pigment levels are associated with 
the salt stress response in both organisms, but the higher stress levels which 
Synechocystis cells appear to experience may explain its lower quantity [195]. 
5.3.4.36% salt 
As with 3% salt phenotypes, 6% salt induces more of a stress response in 
Synechocystis cells. All proteins selected using metabolic labelling (17) were 
present in higher amounts in Synechocystis cells (Table 5.2). Three stress related 
chaperones, DnaK, GroEL and 60kDa chaperonin 2 were all present in higher 
abundances. Moreover, hypothetical protein slr0244 was 2.04-fold higher, and 
shares homology with proteins from the universal stress protein family. Similar to 
the 3% salt comparison, four proteins involved in energy generation (through 
photosynthesis) and carbon utilisation were present in higher quantities in 
Synechocystis. For example, the redox enzyme ferredoxin-NAPH oxidoreductase, 
which catalyses the final step of the photosynthetic electron transport chain, is 2.1-
fold more abundant in Synechocystis. Decreased energy synthesis in Euhalothece 
cells adapted to high salt was reported previously in Chapter 4. Protein synthesis 
was also predicted to be higher in Synechocystis because 4 of the 17 more abundant 
proteins are involved in translation and two in amino acid biosynthesis. 
Table 5.2: Significant protein abundance differences calculated using metabolic 
labelling of proteins (1'*N is Synechocystis and ISN is Euhalothece). 
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gl No. of Quantitation' 
Protein number peDtides Score '4N/,sN CV Functional category 
Abundance differences In 0% salt 
Glutamate-ammonia ligase 620123 2 96 0.35 0.69 Amino acid biosynthesis 
Negative aliphatic amidase regulator 16331081 3 219 0.50 0.15 Amino acid trans.& metabolism 
Transketolase 16329902 12 925 0.46 0.33 Energy metabolism 
Phosphoglycerate kinase 2499503 13 915 0.44 0.39 Energy metabolism 
Fructose- bisphosphate aldolase 16331386 4 280 0.21 0.38 Energy metabolism 
Hypothetical protein slr1894 16329942 2 132 0.49 0.14 Hypothetical 
Hypothetical protein sir 1841 16330041 7 443 0.48 0.29 Hypothetical 
Hypothetical protein slr1762 16330280 3 200 0.47 0.09 Hypothetical 
Hypothetical protein sl10529 16332076 4 307 0.32 0.48 Hypothetical 
Rehydrin 16329971 2 139 0.48 0.17 Other categories 
Phosphoribuiokinase 585368 3 213 0.24 0.18 Photosynthesis and respiration 
Ribulose blsphosphate carboxylase SSU 16331394 2 157 0.24 0.71 Photosynthesis and respiration 
Uracil phosphoribosyltransferase 16329360 2 128 0.44 0.12 Purines/pyrimidineslnucleotides 
SOS function regulatory protein 16330362 3 205 0.50 0.05 Regulatory 
Methionine sulfoxide reductase A 16329407 7 343 0.50 0.11 Translation 
Iron transport protein 16329434 4 224 0.29 0.67 Transport and binding proteins 
Periplasmic iron-binding protein 16331793 7 455 0.25 0.38 Transport and binding proteins 
Hypothetical protein sll0314 16331369 8 515 4.00 0.02 Hypothetical 
Phosphate binding periplasmic protein prec. 16331543 4 237 3.85 0.03 Transport and binding proteins 
Superoxide dismutase 16330619 7 448 3.23 0.06 Cellular processes 
Elongation factor Tu 16330913 6 464 2.70 0.06 Translation 
6-phosphogluconolactonase 2829619 3 161 2.56 0.02 Energy metabolism 
Phycobillsome rod-core linker polypeptide 16329710 3 146 2.56 0.05 Photosynthesis and respiration 
Hypothetical protein slr2018 16329857 4 263 2.44 0.09 Hypothetical 
Putative phosphoketolase 16332268 2 68 2.38 0.06 Hypothetical 
HVDOthetical Drotein sll1785 16330236 3 182 2.17 0.06 Hypothetical 
Abun~nce differences In 3% salt 
PII protein 1403577 3 205 2.27 0.03 Amino acid trans.& metabOlism 
GDP-D-mannose dehydratase 16329177 3 156 2.44 0.09 cell envelope 
Superoxide dlsmutase 16330619 5 289 2.86 0.05 Cellular processes 
Glycogen phosphorylase 16330178 5 253 3.33 0.23 Central interm. metabolism 
Phosphoglucomutase 16332219 3 151 2.86 0.14 Central interm. metabolism 
Fructose-1,6- biphosphatase 1753218 7 332 5.26 0.03 Energy metabolism 
Hypothetical protein sll0529 16332076 8 386 2.22 0.03 Hypothetical 
Hypothetical protein slrOOOS 16331389 3 122 2.04 0.25 Hypothetical 
Hypothetical protein sir 1963 16330780 12 811 2.00 0.08 Hypothetical 
ATP synthase subunit B 16330679 9 683 7.14 0.11 Photosynthesis and respiration 
ATP synthase subunit A 16329327 9 531 5.56 0.09 Photosynthesis and respiration 
Phosphoribulokinase 16331050 12 702 2.08 0.14 PhotosynthesiS and respiration 
Methionine sulfoxide reductase A 16331392 5 262 2.86 0.12 Translation 
Phycocyanin beta subunit 1008532 9 613 0.44 0.38 Photosynthesis and respiration 
Phycocyanin a subunit 16329823 5 374 0.38 0.75 Photosynthesis and respiration 
Abundance differences In 6% .. It 
molybopterin blosythesis protein MoaB 16331030 2 143 2.78 0.02 Unknown 
Protein confer. resistance to acetazolamide 16329873 4 227 2.70 0.02 Unknown 
Tryptophan synthase subunit beta 16332038 2 87 2.17 0.06 Amino acid biosynthesis 
Phosphoglycerate dehydrogenase 16330470 5 243 2.17 0.03 Amino acid biosynthesis 
Trigger factor 16332069 5 234 3.33 0.06 Cellular processes 
60kD chaperonln 2 16331442 20 1007 3.33 0.08 Cellular processes 
Molecular chaperone DnaK 16331261 7 314 2.22 0.12 Cellular processes 
Chaperon in GroEL 16330003 13 684 2.22 0.08 Cellular processes 
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Transaldolase 16329404 5 253 2.56 0.02 Energy metabolism 
Hypothetical protein slr0244 16329299 3 160 2.04 0.09 Hypothetical 
Ferredoxin-NAPH oxidoreductase 16331051 5 227 4.00 0.21 Photosynthesis and respiration 
Phycocyanin associated linker protein 16329821 10 572 3.85 0.05 Photosynthesis and respiration 
ATP synthase subunit A 16329327 6 252 3.45 0.06 Photosynthesis and respiration 
Carbon dioxide concentrating mechanism 
prot. 16329366 6 250 3.03 0.09 Photosynthesis and respiration 
Elongation factor Tu 16330913 17 1021 5.26 0.05 Translation 
Translation initiation factor IF-2 16329288 9 402 4.00 0.08 Translation 
50S ribosomal protein L7n..12 16330008 2 119 3.33 0.03 Translation 
ATP-dependant Cip protease regulatory SU 16331384 12 533 2.70 0.17 Translation 
20 proteins were identified as being present in significantly different amounts 
between the two species using iTRAQ tagging. Similar to the metabolic labelling 
results, all were present in higher abundance in Synechocystis (Table 5.3). In 
agreement with the metabolic labelling results, photosynthesis and respiration seem 
to be more prominent processes in Synechocystis in 6% salt. Four proteins were 
identified here, as well as fructose-l,6-biphosphatase, involved in energy 
metabolism. Concurrently, 3 proteins are involved in protein synthesis 
(transcription and translation). The increased amount of FKBP-type peptidyl-prolyl 
cis-trans isomerise (2.18 and 2.59-fold) could be attributed to the increased amount 
of ionic stress experienced by proteins in Synechocystis cells. This enzyme is 
known to accelerate protein folding by catalysis of cis-trans isomerisation in 
specific oligopeptides [301]. The higher accumulation of glycogen phosphorylase 
(2.59 and 2.6-fold) implies the accrual of glycogen in cells of Synechocystis (a salt 
response reported previously in this organism in Chapter 3 and by Zuther et al. 
[196] as being more important in this cyanobacterium in these conditions. The 
largest abundance difference was seen in hypothetical protein s110597 (6.83 and 
11.10-fold). When searched using Blastp, it is possible this protein harbours 
permease activity. Permeases are a class of transmembrane proteins which facilitate 
the movement of molecules in or out of cells. Hypothetical protein sll0597 shares 
45% homology to a predicted permease in Nostoc punctiforme PCC 73102 (E value 
4xlO-71 ). 
212 
Table 5.3: Significant protein abundance differences calculated using iTRAQ 
methodology in 6% salt (label 115 and 116 are Synechocystis, label 117 is 
Euhalothece) 
Protein 
Ferredoxi~pendent glutamate synthase 
Carboxyl-terminal protease 
Glycogen phosphorylase 
Fructose-1,6-bisphosphatase 
Hypothetical protein sll0597 
Hypothetical protein s111863 
Hypothetical protein slr1963 
Hypothetical protein slr2144 
FKBP-type peptidyl-prolyl cis-trans isomerase 
Apocytochrome f precursor 
Chloroplast membrane-associated 30 kD protein 
Photosystem II complex extrinsic protein precursor 
Plastoquinol-plastocyanin reductase 
lsopenicillin N epmerase 
DNA-directed RNA polymerase beta subunit 
50S ribosOmal protein L15 
Leucyl aminopeptidase 
Phosphate-binding perlplasmic protein precursor 
Extracellular nuclease 
General secretion pathway protein G 
91 number 
16332153 
16330090 
16330143 
16331010 
16331809 
16331180 
16330780 
16330319 
16329650 
16330219 
16331547 
16329439 
16330220 
16330317 
16329957 
16329924 
16330631 
16331543 
16329547 
16330343 
115:117 
ratio 
2.45 
2.67 
2.59 
2.32 
6.83 
4.41 
2.15 
2.79 
2.18 
2.14 
2.06 
2.33 
2.90 
2.17 
2.08 
2.21 
2.41 
2.59 
3.29 
2.54 
CV 
0.23 
0.32 
0.26 
0.30 
0.58 
0.56 
0.24 
0.29 
0.32 
0.24 
0.28 
0.24 
0.22 
0.27 
0.29 
0.25 
0.24 
0.23 
0.41 
0.15 
116:117 
ratio 
3.28 
3.79 
2.60 
2.18 
11.10 
2.20 
2.93 
3.35 
2.59 
2.12 
2.37 
2.30 
2.19 
2.68 
2.35 
2.23 
2.19 
2.47 
3.66 
2.40 
5.3.5 Comparison of metabolic labelling and iTRAQ findings 
CV Functional category 
0.29 Amino acid biosynthesis 
0.39 Cell envelope biogenesis 
0.28 Central Intermediary metabolism 
0.24 Energy metabolism 
0.57 Hypothetical 
0.32 Hypothetical 
0.28 Hypothetical 
0.34 Hypothetical 
0.28 Other catergories 
0.22 Photosynthesis and respiration 
0.22 Photosynthesis and respiration 
0.27 Photosynthesis and respiration 
0.21 Photosynthesis and respiration 
Posttranslational modification, 
0.30 protein tumover, chaperones 
0.33 Transcription 
0.28 Translation 
0.40 Translation 
0.23 Transport and binding proteins 
0.49 unknown 
0.19 unknown 
Metabolic labelling and iTRAQ analysis successfully identified 340 unique 
proteins. In addition to previous studies [67, 87] these results illustrate that different 
techniques have inherent bias towards the identification of different proteins, thus 
highlighting the complementary nature of the various methods. It is evident that 
future proteomic strategies will ultimately benefit by the association of different 
workflows, and this will enhance the proteome coverage. 
A total of 47 proteins were identified and quantified by both labelling strategies in 
the 6% salt phenotype comparison. An analysis of variance (ANOV A) was made 
between the relative quantitations of these proteins and the scatter plot is shown in 
Figure 5.4. This figure shows that no significant correlation was observed (Pr = 
0.21 using a linear variance model) and that the relative abundance of a majority of 
proteins (-70%) were less than the necessary 2-fold change needed for the change 
in protein abundance to be deemed significant beyond biological variation (as 
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discussed in the sections 'Metabolic labelling data analysis' and 'iTRAQ data 
analysis). Although the experiment in this study was not specifically designed to 
statistically compare the two quantitation techniques, for abundance ratios> 2-fold, 
metabolic labelling appears to produce higher expression ratios (Figure 5.4). A 
previous study using both iTRAQ and clCAT techniques to search for cancer 
markers, analogous to this study, found several proteins that were differentially 
expressed in clCA T, had a smaller than critical (2-fold) change by iTRAQ labelling 
[354]. 
The direction of fold change (higher or lower relative abundance) was the same for 
91.5% of proteins (see Appendix E). In addition, both methods functioned hand in 
hand to provide complementary information as to how Synechocystis and 
Euhalothece differ in their response to 6% salinity. Cumulatively, 18.1% and 11.3% 
of the proteins identified and quantified in the 6% salt comparison using metabolic 
labelling and iTRAQ respectively, were in higher abundance in Synechocystis. 
Similarities in overall relative abundance were found to extend across proteins 
involved in energy generation (photosynthesis and respiration), energy metabolism 
and protein synthesis, where all were present in greater abundances in 
Synechocystis. 
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Figure 5.4: Scatter plot of the relative protein abundance ratios of protein 
quantitations for the 47 spots identified and quantified by both methods (metabolic 
labelling and iTRAQ) in 6% salt. Dashed line denotes the ratio (Le. fold ratio of 2) 
where differential protein abundance is deemed to be insignificant due to technical, 
experimental and biological variation (refer to 'Metabolic labelling analysis' and 
'iTRAQ data analysis'). 
5.4 Concluding remarks 
A comparison of protein abundances in two contrasting cyanobacteria was 
undertaken by exploiting shared tryptic peptides. Low standard deviation 
calculations of isotope abundance differences (0.09 ± 0.10) imply in-gel digestion 
using trypsin was similar between orthologous proteins and 15% log mean average 
CV across biological replicates (0.15) ensured high confidence in differentially 
expressed proteins which were identified. 
Although limited to proteins which are orthologous to both species, essential 
differences in cell behaviour in three differing salt concentrations between the 
species could be proposed. As differences in protein abundance were made in cells 
cultured in the same conditions, a direct comparison of evolutionary divergence 
between the species was possible. For example, differences in the requirement of 
molecular chaperones were used to postulate specific stress levels experienced. 
Euhalothece cells display stress characteristics in 0% salt, unlike Synechocystis 
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cells. Salt concentrations of 3% and 6% lead to a similar stress response, but this 
time dominating in Synechocystis cells, although reduced energy synthesis was a 
mechanism associated with Euhalothece salt-adapted cells in Chapter 4. This makes 
it possible to assume that many salt adaptation strategies involving protein synthesis 
are shared by both cyanobacteria, and their quantitative expression affects 
acclimation. The results imply that lower salinity levels (3% and 6% NaCI) lead to 
these characteristic responses in Synechocystis cells, when compared to 
Euhalothece cells. 
It is probable that these differences have evolved at different stages, and could 
include alterations in gene control by transcription factors, differences in protein 
activity and functionality, changes in the way cells respond to external signals 
through adjustment of signal transduction, and response regulators or even 
generation of paralogs of essential or previously regarded as non-essential genes for 
salt acclimation [355, 356]. Ultimately, further work is required to understand 
exactly how Euhalothece cells have higher tolerance levels, more specifically, how 
this organism is able to survive in 6% salt by expressing salt adaptive protein-
coding genes at lower levels compared to its fresh water relative. 
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Chapter 6: Proteome characterisation of 
the globally significant marine 
cyanobacterium, Prochlorococcus 
marinusMED4, and analysis of 
adaptation to Iight4 
4 This work was published (in part) in Journal of Proteomic Research 6 (3) pp 996-1005 (2007) 
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6.1 Introduction 
The previous three chapters have successfully demonstrated how differential 
expression proteomics can reveal insights into how two contrasting cyanobacteria 
adapt to low and high salinity. In this chapter, the organism of interest is also a 
cyanobacterium, but the effects of changing light intensity are investigated. This 
study is an important addition to this thesis because it demonstrates the applicability 
of the tools and techniques in investigating a different environmental factor, and 
also due to the significance of the organism studied (this is the first proteomic 
characterisation of this species). 
Previous studies (Chapter 2) have shown that there are many shared responses in 
bacteria acclimated to salt and light stress. Most notably, pigment structures must 
be re-organised because of the resulting effects on photosynthesis, the 
stoichiometry of PSI and PSII is altered, stress related molecular chaperones are 
produced to rescue misfolded proteins and anti-oxidative enzymes are synthesized 
to limit secondary stress damage [254, 256-258]. Despite these related acclimation 
strategies, the stresses are fundamentally different, with the main issue in salt stress 
being ionic and osmotic stress, whereas excess absorbed energy is the main 
detrimental factor in light stress. 
The cyanobacterium in this study, Prochlorococcus marinus, is very different to all 
cyanobacteria, including Synechocystis and Euhalothece. P. marinus was 
discovered in 1988 [15], and found to reside in nutrient poor oceans, which, similar 
to salt lakes, were thought to be void of living microorganisms. Since their 
discovery in this hostile habitat, the interest in their ecological impact has increased 
greatly, mostly because they are believed to be the most abundant known 
photosynthetic organisms on earth [16], and therefore substantial contributors to 
primary production [276]. In contrast to other cyanobacteria, they contain no 
phycobilisome structures, and instead harbour a major light harvesting complex 
protein in their thylakoid membranes, which binds divinyl derivatives of 
chlorophyll a and b (chI a2 and b2) [16, 281]. Furthermore, these pigments are not 
found in other cyanobacteria, and these unique characteristics make a study on light 
acclimation in P. marinus particularly novel and significant. 
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P. mar;nus is an autotrophic organism, and therefore obtains all its carbon and 
chemical energy required for growth through photosynthesis. It resides in oceans, 
where neither quality nor quantity of light is constant, and therefore it must adapt to 
the changing conditions. Different strains of P. marin us have acquired mechanisms 
to enable survival on the ocean surface, characterised by HL, and up to depths of 
200 metres, where very little light is distributed (LL). Several cellular features play 
a role in adaptation of these differing ecotypes [157, 280, 283, 284]. Strains adapted 
to the ocean surface are referred to as HL ecotypes, and contain a low ratio of chi 
~/a2 and possess one antenna gene (pcb) [282]. Contrastingly, strains adapted to 
deeper ocean depths contain a high ratio of chi b2/a2, and the possession of multiple 
antenna genes [282]. 
The HL adapted strain MED4 is the subject of study here. It has its genome fully 
sequenced and annotated and at 1.66 Mbp, it is much smaller than the largest 
sequenced P. marinus strain MIT9313 (2.4 Mbp) [279]. Unlike LL ecotypes, HL 
ecotypes can adapt to both conditions (HL and LL) and the nature of rigorous 
surface water mixing compared to deeper water, means they represent interesting 
species for investigating strategies of acclimation to changing irradiances [286]. It 
is not certain how it is able to achieve this, although comparisons to LL ecotypes 
reveal the possession of many more HL inducible proteins (HLIP's) and 
photolyases to repair DNA damaged by UV light [285]. 
MED4, as well as all photosynthetic organisms, must adapt to varying light 
intensities for survival. If acclimation cannot be achieved the production of ROS 
ultimately leads to cell death [254]. The immediate (independent of gene 
expression) and long-term cellular response to HL were discussed in Chapter 2, and 
include state transition and photosynthetic apparatus alterations, respectively [256-
258]. However, it is rarely feasible to use the nucleotide sequence of an organism to 
predict ecological function and environmental adaptation, without information on 
which proteins are synthesised in specific conditions. Therefore, the field of 
proteomics is potentially useful here and before this thesis work, no high-
throughput proteomics studies have been published which aim to understand light 
acclimation. 2DE has been applied to understand HL stress in the alga 
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Chlamydomonas reinhardtii [273]. Quantitative comparisons on 444 proteins based 
on gel staining intensity, identified 105 (24%) which were significantly 
differentially expressed. Some of these proteins have potentially novel functions in 
photo-protection, for example, the role played by NAB 1 protein in post-
transcriptional regulation of light harvesting complex protein [273]. In addition, 
many proteins involved in carbon dioxide fixation and molecular chaperones were 
induced in HL. 
Prior to this thesis, no published work has been carried out investigating the 
proteome of P. marinus, and therefore an additional aim of this chapter is to 
characterise the proteome of P. marinus MED4. Characterisation will be performed 
with specific comparisons to previously published shotgun studies in cyanobacteria. 
The isobaric tagging technique, successfully demonstrated in Chapter 3 and 5, will 
be employed here to investigate adaptation to three varying levels of light intensity, 
imitating natural oceanic conditions. However, subsequent bioinformatics analysis 
will be performed using ProQuant and ProGroup software for protein quantitation, 
identification and relative differential expression. Essentially, through this chapter, 
the ultimate goals are to characterise the proteome of a globally abundant marine 
cyanobacterium, whilst furthering understanding of its mechanisms of 
photoacclimation. 
6.2 Material and methods 
6.2.1 Culture conditions and cell growth 
P. marinus MED4 was provided by the Roscoff Culture Collection (RCC), and 
grown in seawater based Pr099 medium [357]. It was originally isolated from the 
northwest Mediterranean Sea in 1989 from surface waters, and cultured in PCR-SII 
medium. The seawater used for the media was obtained locally from the coastline 
of Hull, UK (see 'Seawater comparison', section 6.2.2). 250 ml flasks were used to 
culture the microorganism at 24°C, with 12 hour light/dark cycles and continuous 
shaking (220 rpm). Three separate cultures differing in light intensity were grown, 
low (20 J.1Einsteins m·2 S·I), medium (60 J.1Einsteins m·2 S·I) and high (100 
J.1Einsteins m·2 S·I). These were sub-cultured three times in late-exponential phase 
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(ca. 30 days) to ensure adaptation to the different conditions. Light measurements 
were made using a Loggerhead 2100 light probe (Biospherical Instruments, San 
Diego, CA, USA). Optical density measurements were used to follow cell growth at 
the same time of day at a wavelength of 446 nm using an UltraSpec 2100 Pro 
spectrophotometer (Amersham Biosciences, Buckinghamshire, UK). As 10 
previous chapters, growth was measured at the same time of day because the cell 
cycle is tightly linked to the light/dark phase [156]. 
6.2.2 Seawater comparison 
Levels of major and minor trace elements in local seawater (Hull, UK) and English 
Channel seawater (Roscoff, France) were compared using inductively coupled 
plasma mass spectrometry (ICP-MS) (Perkin Elmer, Elan 400). Levels of 18 trace 
elements and 5 major elements (Ca, Fe, K, Mg, Na) were compared. A detailed 
composition of seawater [358] was used to estimate the standard addition ranges of 
a multi-element standard Merck VIII (Merck, Darmstadt, Germany) required for 
accurate abundance measurements. For both seawater samples two dilution sets 
were made, a 500: 1 and a 1000: 1 dilution. There was either- no standard added, 100 
ppb standard added, 300 ppb, 500 ppb, 1000 ppb, 3000 ppb and 5000 ppb of the 
standard added. These standard additions were used for measuring major elements. 
For trace elements, the same dilutions of seawater (500:1 and 1000:1) were used 
with again no standard added, with 0.1 ppb standard added and 0.3 ppb, 0.5 ppb, 1.0 
ppb, 3.0 ppb and 5.0 ppb standard added. A linear relationship between the 
concentration of element added and the measured signal (cps) was used to calculate 
the concentration of the elements (full results in Appendix G). 
6.2.3 Protein extraction and iTRAQ 
50 ml of cells were harvested at mid-exponential phase during the mid-light cycle, 
and centrifuged at 10,000 g for 20 minutes at 4°C. Cells were washed with 5 
volumes of a sucrose-based buffer as described in Chapter 3, section 3.3.2. For 
protein extraction, pelleted cells were re-suspended in 1 ml freshly made extraction 
buffer consisting of 9 M urea, 4% (w/v) CHAPS, 1 % (w/v) DTT, 0.8% (w/v) 
Pharmalyte, 5% (w/v) protease inhibitor cocktail and 1.1 g rl PVPP. Proteins were 
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extracted using mechanical cracking and liquid nitrogen and recovered by 
centrifugation at 21,000 x g for 30 minutes at 4°C (refer to Chapter 3, section 
3.3.2). The total protein concentration obtained was quantified using the RC DC 
Protein Assay (Bio-Rad). 100J.1g of protein from all three light conditions including 
a HL duplicate (technical replicate) were precipitated using TCA/acetone at -20°C, 
as described in Chapter 3, section 3.3.2, and subsequently resuspended in 30 J.1L of 
500 mM TEAB buffer. Each sample was reduced, alkylated, digested, and labelled 
with iTRAQ reagents according to the manufacturer's (AB) protocol with 
modifications [82] (Table 6.1). After labelling, samples were combined and dried in 
a vacuum centrifuge (Model 5301, Eppendorf, Cambridgeshire, UK) at room 
temperature. 
Table 6.1: Different phenotypes labelled with iTRAQ label reagents. Technical 
replicates are shown in bold type. 
Experiment 
Note: 
1 
2 
114 
HL 
II 
HL- High light at 100 J.1Einsteins m2 S·I 
ML- Medium light at 60 J.1Einsteins m2 g"1 
LL- Low light at 20 IlEinsteins m2 S·I 
6.2.4 sex fractionation 
iTRAQ label reagent 
115 116 
II Ml 
Ml HL 
117 
HL 
HL 
Peptides were resuspended in 200 ilL of aqueous Buffer A (defined in Chapter 3, 
section 3.2.3). Separation was performed on a BioLC HPLC unit (Dionex, Surrey, 
U.K.) using a PolySULFOETHYL A column (PolyLC, Columbia, MD) 5 J.1ID of 
100 nun length x 2.1 nun Ld. and 200 A pore size. The 60 minute gradient 
consisted of 100% Buffer A for 5 minutes, 8 to 24% Buffer B (defined in Chapter 
3) for 40 minutes, 24 to 100% Buffer B for 5 min, 100% Buffer B for 5 min, and 
finally 100% Buffer A for 5 min. A flow rate of 0.2 ml/min was maintained with an 
injection volume of 200 J.1L. A UV detector UVD 170U and Chromeleon Software 
v6.50 (DionexILC Packings, The Netherlands), was used to monitor the 
chromatogram as fractions were collected every minute using a Foxy Jr. Fraction 
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Collector (Dionex). Fractions were pooled, depending on the peak intensities in the 
chromatogram and then dried in a vacuum centrifuge. Samples were stored at -20°C 
prior to MS analysis. 
6.2.5 Mass spectrometry and protein identification 
MS was perfonned using a ESI-qQ-TOF-MSIMS (AB, Framingham, MA; MDS-
Sciex, Concord, Ontario, Canada) coupled with an online capillary LC system 
(Famos, Switchos and Ultimate from DionexlLC Packings, Amsterdam, The 
Netherlands). 55 J.1L of Buffer A (0.1% fonnic acid and 3% acetonitrile) was used 
to resuspend dried samples ready for the MS and 20 J.1L was injected to the nano-
LC-ESI-MSIMS system for each analysis. Initial separation took place on a 
PepMap C-18 RP capillary column (LC Packings) with a constant flow rate of 0.3 
J.LUmin. Buffer B was made up as 97% acetonitrile, 0.1 % fonnic acid. The gradient 
was started as 97% Buffer A and 3% Buffer B for 3 minutes, followed by 3 to 25% 
Buffer B for 120 minutes, 90% Buffer B for 7 minutes and finally 97% Buffer A for 
7 minutes. Data acquisition in the mass spectrometer was set to the positive ion 
mode, with a selected mass range of 300-2000 mlz. MSIMS was perfonned on 
peptides with +2 and +3 charge states. ProQuant software vl.l (AB, MDS-Sciex) 
was used for protein quantitation and identification. Identifications were made 
using the P.marinus protein database downloaded from JGI in November 2005 
(http://genome.jgi-psf.org/finished_ microbeslprom4/prom4.home.html). Search 
parameters were set at a mass tolerance of 1.2Da, MSIMS tolerance of 0.6Da, one 
missed cleavage of trypsin, oxidation of methionine and cysteine modification of 
methyl methanethiosulphonate (MMTS). Peptides with above 80% confidence were 
used for identification and quantitation, and ProGroup Viewer software vl.0.6 was 
used to identify proteins with >95% confidence. The expression ratios were 
calculated using equations adapted from the ProQuant software tutorial [83]. The 
entire iTRAQ experiment was conducted twice (experimental replicate) using 
different cultures (biological replicate) to gain statistical evidence for differential 
expression of proteins in changing light intensities. 
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6.2.6 Protein data analysis 
All identified proteins were organised into functional groups using annotation based 
on clusters of orthologous groups, COG's (http://genome.jgi-
psf.orglfinished _ microbeslprom4/prom4.home.html). The cellular location of these 
proteins was predicted using the program PSORTb v2.0 [248], and lipoproteins 
were detected using LipoP vl.O [249] (refer to Chapter 4). The hydropathic 
character of all the proteins identified was expressed using the GRA VY index 
[359], and was used to support the predictions of any integral membrane proteins. 
Finally, the abundance of each protein was estimated using the exponentially 
modified protein abundance index (emPAI) [360]. EmPAI is exponentially related 
to PAl which is defined as the number of observed unique peptides per protein 
normalised by the number of peptides obtained by in silico digestion. In silico 
digested peptides were generated using Proteogest software [323]. 
6.3 Results and discussion 
The results are presented and discussed in two parts. Firstly the proteome is 
characterised with comparisons to previous proteome studies in cyanobacteria and 
secondly, the findings in relation to photoacclimation are considered. 
6.3.1 Growth studies 
P. marinus MED4 was cultured in the laboratory in three different light intensities, 
low (20 J,LEinsteins m"2 5"1), medium (60 J.1Einsteins m"2 S"I) and high (lOOJ.1Einsteins 
m-2 S-I). The growth rate increased with increasing light intensity. In LL the growth 
rate was 0.13 ± O.Old"l, in medium light (ML) 0.22 ± 0.02 d-I and HL 0.57 ± 0.05 d" 
I. These growth rates are comparable to those seen in cultured isolates by Moore 
and Chisholm [156], where the growth rates of ten Prochlorococcus strains were 
measured by enumerating cells with a F ACScan flow cytometer (Figure 6.1). The 
growth rate comparisons between both sources of seawater (Hull UK and Channel), 
also shown in Figure 6.1, show that Prochlorococcus MED4 grows at remarkably 
similar rates, despite the fact that Hull seawater contains more than 250% more 
iron, and higher concentrations of limiting elements (see Appendix G for full ICP-
MS comparison of the different seawater). 
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Figure 6.1: Growth rate as a function of light intensity. The growth rate of P. 
mar;nus MED4 was compared between cultures grown in Pr099 medium made with 
seawater from Hull, UK and Channel seawater (conducted in this study), and a 
previous study conducted by Moore and Chisholm [156]. The results from this 
study are presented as the average ± standard deviation based on triplicate 
measurements. 
6.3.2 Overview and characterisation of proteome 
The proteins identified in this study were characterised, and compared to findings in 
similar proteomic experiments conducted in cyanobacteria. Two iTRAQ 
experiments were conducted, and will be referred to as iTRAQ 1 and iTRAQ2. A 
total of 184 proteins were identified; 53 proteins were identified in both 
experiments, 94 unique to iTRAQ 1 and 37 unique to iTRAQ 2. This total 
corresponds to ca. 11 % of total putative protein-coding genes. This is a similar 
proteome coverage seen in Chapter 3 (11.9%), and previous studies using a typical 
shotgun approach in cyanobacteria such as A. variabilis ATCC 29413 (ca. 13%) 
[73], and Synechocystis [67] (ca. 11%). Approximately 40% of proteins were 
identified with 2 or more peptides. Where only 1 peptide was identified, 38% of 
them were identified mUltiple times (in different MSIMS experiments). 
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Every functional category based on COG [361] was represented (groups C to S), 
apart from group N (cell motility and secretions), which only consists of two 
proteins (Table 6.2). The most significant fraction of identified proteins (18.4%) 
could not be classified into COGs, and requires further annotation. The highest 
represented and annotated proteins were involved in translation, ribosomal structure 
and biogenesis (12.2%). 33.7% of proteins were involved in metabolism, which is 
surprisingly similar to the 33% involved in cellular metabolism observed in A. 
variabilis A TCC 29413 [73]. 
Table 6.2: Number and percentage of total identified proteins grouped by Clusters 
of Orthologous Groups (COG). 
Identified % of 
Code COG grou~ ~roteins total 
Metabolism 
C Energy production and conversion 16 8.2 
G CHO transport and metabolism 12 6.1 
E AA transport and metabolism 17 8.7 
F Nucleotide transport and metabolism 6 3.1 
H Coenzyme metabolism 9 4.6 
I Lipid metabolism 4 2.0 
Q Secondary metabolite biosynthesis, transport 
and catabolism 2 1.0 
Information storage and processing 
J Translation, ribosomal structure and biogenesis 24 12.2 
K Transcription 10 5.1 
L DNA replication, recombination and repair 7 3.6 
Cellular processes 
D Cell division and chromosome partitioning 5 2.6 
0 PTM, protein turnover, chaperones 17 8.7 
M Cell envelope biogenesis, outer membrane 5 2.6 
N Cell motility and secretion 0 0.0 
P Inorganic ion transport and metabolism 7 3.6 
T Signal transduction mechanisms 5 2.6 
R General function prediction only 7 3.6 
S Function unknown 7 3.6 
No COG 36 18.4 
The proteins observed experimentally were mapped against the theoretical 
proteome in relation to Mw and pI in Figure 6.2. Of the total proteins observed, 
73.3% were acidic and 26.7% basic. This was an unexpected result, because the 
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PSORlb was used to predict the cellular location of identified proteins, and these 
were compared to the cellular locations of proteins identified in the cyanobacteria 
Synechocyslis (in a previous study [67] and in Chapter 3) and A. variabilis ATCC 
29413 [73] (Table 6.3). Despite differences in sample preparation (mainly the 
extraction buffers implemented), the cellular distribution of identified proteins is 
very similar. Cytoplasmic proteins dominate, with percentages ranging from 39.2% 
to 49.6% across the four studies. A higher percentage of cytoplasmic membrane 
proteins were observed in P. marinus MED4 (11.8%) compared to both A. 
variabilis (6.8%) and Synechocystis (2.6% and 7.14%). 
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Table 6.3: A comparison between the number and percentage of proteins identified in different cellular locations in P. marinus MED4, A. 
variabilis ATCC 29413, Synechocystis (two separate studies) and Euhalothece. 
Synechocystis P. marinus MED4 A. variabilis 
Gan eta/. Cha~ter 3 
Cellular location Observed % oftotal Observed 0/0 of total Observed % of total Observed 
Cytoplasmic 84 49.12 253 39.16 194 49.62 176 
Cytoplasmic 
membrane 24 14.04 44 6.81 10 2.56 27 
Extracellular 0 0.00 3 0.46 0 0.00 0 
Outer membrane 3 1.75 6 0.93 1 0.26 6 
Periplasmic 4 2.34 13 2.01 11 2.81 14 
Unknown 68 39.77 327 50.62 175 44.76 155 
Total 183 646 391 378 
Note: 
acellular location was predicted using PSORTb v.2.0 software (http://www.psort.org/psortbl) 
"Total number of proteins observed 
cPercentage of total proteins observed 
% of total 
47.18 
7.14 
0.00 
1.59 
3.7 
41.01 
Euha/othece 
Cha~ter4 
Observed % of total 
176 47.96 
17 4.63 
3 0.82 
6 1.63 
9 2.45 
171 46.59 
382 
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A limitation of PSORTb is the inability to detect membrane lipoproteins, and 
therefore LipoP v 1.0 was implemented to achieve this. Twelve lipoproteins were 
predicted in total, all containing signal peptidase I. PSORTb designated three of these 
proteins as periplasmic proteins (PMM0090, PMM0710, PMM0970), one 
cytoplasmic membrane protein (PMM0226) and one outer membrane protein 
(pMM0708). The cellular location of the remaining seven predicted lipoproteins was 
unknown using PSORTb. This increased the overall membrane protein count in P. 
marin us MED4 from 28 to 35. 
The hydrophobicity of proteins was calculated using the GRA VY index, and seven 
proteins with values above 0.3 were identified and regarded as hydrophobic 
(Appendix H). This is congruent to the five hydrophobic proteins predicted using the 
GRA VY index in Synechocystis [73]. Of these seven proteins, PSORTb predicted six 
to be cytoplasmic membrane proteins, and the highest index scoring protein (0.74) 
was a 30S ribosomal protein. 
The protein abundance in both iTRAQ experiments was measured using emP AI 
[360]. In both iTRAQI and iTRAQ2, all emPAI values were below 1.0, which 
contrasts with 84.8% in A. variabilis ATCC 29413 and 91.3% in Synechocystis in 
Chapter 3 and 76.4% in a previous study [73]. The two most abundant proteins were 
PSI protein PsaE (0.36) and thioredoxin peroxidase (0.35) in iTRAQI, and 
carboxysome shell protein (0.67) and PsbO (0.57) in iTRAQ2. Thioredoxins are 
involved in energy metabolism, and were also identified as highly abundant in A. 
variabilis ATCC 29413 [73]. It is apparent from this analysis using emPAI values that 
there are less abundant proteins in P. marin us MED4 compared to other 
cyanobacteria. This can be advantageous in detecting lower abundance proteins as, for 
example, there are no phycobilisome proteins in Prochlorococcus, and these have 
been singled out as a major interference in protein detection in cyanobacterial cells 
[73). 
6.3.3 Technical variation and false positive rate 
The variation between technical replicates was assessed by calculating the CV for 
both HL phenotypes against the LL phenotype (reference phenotype). The 10glO ratios 
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were compared for these two sets of data using all proteins identified in both iTRAQ 
experiments. In iTRAQl, logto ratios 114:115 and 117:115 (Table 6.1) were 
compared for 147 proteins and the mean average CV was 0.11. For iTRAQ2, logto 
ratios of 116: 114 and 117: 114 (Table 6.1) were compared for 95 proteins and gave a 
higher mean average CV of 0.18. In theory, the ratio of the technical replicates (HL 
phenotypes) in the same experiment should be equal to 1, and therefore the average 
ratio was calculated for all the proteins together, for both iTRAQ experiments. This 
was achieved by calculating the average of the 10gIO ratios, using the error factor as a 
weight, to obtain a weighted average. In iTRAQ 1, the weighted average of the 10gIO 
ratio of the labels corresponding to both HL phenotypes was 0.01 or a ratio of 1.03. 
This illustrates that there is little technical variation in quantitation between the same 
HL phenotype samples. For experiment 2, the ratio of both HL phenotypes was 
similar at 0.91. 
As discussed in Chapter 3, the analysis of iTRAQ data requires a measure of the 
extent of false positive protein identification. The same method was applied here [98] 
and found to be comparable at 0.5%. 
6.3.4 Differentially regulated proteins 
A total of 15 proteins were considered as significantly differentially expressed. These 
proteins were selected based on the p-value assigned for the quantitation, the 
magnitude of the error factor, and the RV (as well as the detection of more than 1 
peptide, or the same peptide identified over more than one MSIMS experiment (as 
stated in Chapter 3, section 3.3.2). The ratio of ML to LL was compared between 
iTRAQI and 2 for all 53 proteins which were identified in both experiments, and 
because they represent biological replicates, the expected ratio was 1.0. The average 
RV was 1.05 (determined logarithmically), which implies there was a 5% discrepancy 
for relative quantitation. The RV was also calculated for all HL to LL combinations 
of the 53 shared proteins (114:115 in iTRAQI compared to 116:114 and 117:114 in 
iTRAQ2 and 117:115 in iTRAQl compared to 116:114 and 117:114 in iTRAQ2) and 
produced values of 2%, 7%, 2% and 3%, respectively. Calculations of CV's between 
biological replicates (across iTRAQ experiments, HL to LL and ML to LL) gave an 
average 0.21. However, to ensure that only proteins which express a genuine 
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differential response were selected for further analysis, only ratios of 1.25 and 0.75 
(which fall clearly out of the RV boundaries) were deemed to be differentially 
regulated. Protein quantitations were calculated using modified equations from 
ProQuant Software vI.I (AB, MDS-Sciex) [83]. 
6.3.4. J Thylakoid complexes 
Nine proteins were identified as belonging to PSI (Psa) PSII (Psb), including the sole 
light harvesting complex protein (Pcb). Eight proteins were treated as statistically 
significantly down-regulated in HL (Figure 6.3). There are several light harvesting 
complex genes in LL ecotypes of Prochlorococcus, and they are believed to be 
important for survival in extremely low irradiances by enabling cells to use the few 
available photons which reach the deeper ocean [282]. However, there is only a single 
copy of the pcb gene in HL adapted P. marinus MED4. This thesis data shows that 
this sole antennae protein present in MED4 is induced in LL (protein 5 in Figure 6.3). 
It is therefore likely that the abundance of one specific Pcb protein in MED4, as well 
as the multiple light harvesting complexes in LL adapted ecotypes, allows 
Prochlorococcus to adapt to LL. The multiple light harvesting complexes in LL 
adapted Prochlorococcus are more sensitive to photodamage by HL conditions 
present at the ocean surface, demonstrated at 100 J.1Einsteins m-2 S-I light intensity in 
the laboratory [157], and it may be for this reason why MED4 harbours and increases 
the expression of only one Pcb protein. PsbB, psbC and psbD encode CP47, CP43 and 
D2 respectively, and transcript levels for all were found to be reduced 50 to 100% in 
Synechocystis after IS hours of exposure to HL [121]. Despite the observed down 
regulation of several thylakoid located proteins, the PSII reaction centre core protein 
DI (coupled to core protein D2), encoded by the psbA gene, has been shown to 
increase in response to HL in MED4 in the short-term, subsequently returning to 
nonnal levels [363]. Transcript levels of this gene were measured using RNA blots. 
However, the LL adapted P. marinus SSI20 strain maintains high level psbA 
transcripts, and it is not certain whether this difference is an important factor in the 
ability of MED4, unlike SS 120, to acclimate to rapidly changing irradiances. 
However, the presence of only one copy of the Dl protein in Prochlorococcus strains 
compared to several copies found in all other examined cyanobacteria [364, 365], is 
thought to contribute to the reduced repair efficiency of its PSII [366]. Unfortunately, 
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the DI protein was not identified by either iTRAQ experiment. Despite the 2.2 and 
1.82-fold reduction of the peptide AFINNLPFYR belonging to PSI protein PsaL, the 
regulation was not confirmed because only one peptide was identified in only one 
MSIMS experiment. 
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Figure 6.3: Differential regulation of photosystem related proteins in high light (HL) 
compared to low light (LL). Proteins 1-4: Photosystem II (PsbO, PsbB, PsbD, PsbC). 
Protein 5: light harvesting complex protein. Proteins 6-8: Photosystem I (PsaA, PsaE, 
PsaB). Data is shown from the iTRAQ experiment in which the quantitation value has 
the lowest p-value (derived in ProGroup) and hence is the most likely to be correct 
(circle: iTRAQ1, triangle: iTRAQ2). The area between the dashed lines represents the 
RV boundary (between ratios 1.25 and 0.75). The regulation ratio and standard 
deviation are reported in linear space. 
Figure 6.4 shows a schematic representation of thylakoid proteins with confirmed 
differential regulation in HL. Approximately 50% of the major proteins involved in 
photosynthetic activity were identified with high confidence. Overall, it appears that 
down-regulation of both PSI and PSII proteins in HL, is a response P. marin us adopts 
to reduce the susceptibility of cells to HL-induced damage. 
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Figure 6".4: A schematic diagram of the major proteins located in the thylakoid 
membrane in MED4. Proteins in bold and underlined were identified in our study, 
and differential regulation in high light (HL) compared to low light (LL) is indicted 
by the arrow. The organisation is adapted from Partensky and Garczarek [259] . 
A ML phenotype was included in both iTRAQ experiments to help understand the 
light dependent regulation of proteins. Five of the photosynthetic proteins (PsbO, 
PsbC, PsbD, PsaE and PsaL) experienced very little differential regulation from LL to 
ML, and then decreased in expression in HL. PsbB, and the light harvesting protein 
(Pcb) increased in abundance in ML, then decreased in HL. This change indicates that 
ML conditions may encourage the light harvesting capacity of cells, rather than being 
directly detrimental. Both major reaction centre subunits in PSI, PsaA and PsaB, were 
reduced in expression in increasing light (from LL to ML to HL) as demonstrated 
previously [121]. The ratio of these proteins in HL and LL in relation to ML is 
represented in Figure 6.5. 
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Figure 6.5: The relationship between medium light (ML) phenotype and high light 
(HL) and low light (LL) phenotypes for photo system related proteins: Photo system II 
(psbO PsbB PsbD PsbC), Photo system I (PsaA, PsaE, PsaB) and light harvesting 
complex protein (Pcb). The value for ML is always 1 because the ratio of ML to ML 
is 1. Only the most probable (lowest p-value) quantitations are shown. The regulation 
ratio and standard deviation are reported in linear space. 
6.3.4.2 General Stress Proteins 
Stress associated proteins are vital in bacteria which suffer in adverse environmental 
conditions [367] . Proteins can often lose their function as polypeptides become 
misfolded or unfolded, and it is the job of stress related proteins to prevent these 
accumulating in the cell, and hence prevent cellular damage. Six stress related 
proteins were identified in P. marinus in this experiment, GroEL, GroEL2, DnaK2, 
HtpG, IpC and GroES. GroEL, HtpG and GroES were deemed to be significantly 
induced in HL (Figure 6.6). GroEL had the highest induction (2.42-fold) in iTRAQ2, 
whereas GroEL2 had the smallest recorded marginal increase (1.36-fold), also in 
iTRAQ2. Transcript levels of both these proteins were both up-regulated in P.marinus 
MED4 in a study using RT-qPCR [272]. GroEL transcript levels rose steadily upon 
exposure to 200 ~Einsteins m-2 S-I, and peaked after 6 hours with an induction ratio of 
10.11 ± 5.01 with respect to the LL culture [272]. GroEL2 transcript levels were 
comparable however, levels continued to rise up to 12 hours after HL exposure. The 
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same study also showed transcript levels of these proteins increased in Synechocystis 
and LL adapted P. marin us MIT9313, even though they were less pronounced [272]. 
In this study, GroES was induced 1.99-fold in iTRAQ2, which agrees with transcript 
level induction in the same microorganism [272]. Previous studies have shown the 
abundance of these proteins are increased during periods which immediately follow 
the 'shock' of being exposed to HL, but the small elevated levels seen in this study 
are possibly a requirement of long-term survival at high irradiances. A microarray 
study on HL effects on Synechocystis found the transcript levels of GroEL, GroEL2 
and GroES all remained high even after 15 hours of exposure to HL, unlike other 
stress associated genes [121]. Clearly their presence is important to maintain cellular 
function, and the exact role of these chaperones in stress conditions has been 
described previously in the cyanobacterium Anabaena variabilis [332]. 
Chaperone DnaK2 is a highly conserved protein amongst cyanobacteria [272], and it 
has been shown to playa significant role in adaptation to HL [121, 272]. However, 
the protein does not seem to be differentially expressed in either iTRAQ experiment 
(Figure 6.6 and Table 6.4), and hence the role of DnaK2 in long-term adaptation to 
HL is questionable. Interestingly, the regulation changes were slightly more evident 
when comparing ML to LL with increases of 1.58-fold and 1.32-fold in iTRAQI and 
2, respectively (Table 6.4). 
The heat shock protein HtpG increased 1.82-fold in HL, as were transcripts for this 
protein in P. marinus MED4 [272] and Synechocystis [121, 272]. This protein has 
been shown to play a very important role in cyanobacterial cell survival in thermal 
[368] and oxidative stress [369]. In the latter study, a Synechococcus sp. PCC7942 
htpG mutant had a reduced survival rate in oxidative stress caused by high irradiance, 
and led to photo inhibition of PSII [369]. This study shows that HtpG is important for 
the survival of P. marinus MED4 in extreme HL conditions on the ocean surface. 
ClpC belongs to a family which contains A TP-binding proteins which function as 
molecular chaperones, and regulate ATP-dependent proteolysis. They are thought to 
protect cells from stress by controlling aggregation and denaturation of proteins, and 
transcript levels have been shown to increase more than ten-fold in P. marinus MED4 
upon exposure to HL, but not in LL ecotypes [272]. The constitutive level of c/pC in 
236 
Synechococcus also increases considerably under conditions of rapid growth, for 
example, exposure to HL [370]. It is not certain whether protein levels were regulated 
between LL and HL cultures in this study. It was identified in iTRAQ 1, and the 
technical replicates produced ratios of 1.04 and 1.22, suggesting little or no role in 
photoadaptation (Figure 6.6). 
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Figure 6.6: Regulation of stress related proteins in high light (HL) compared to low 
light (LL). Proteins 1-6: GroEL, DnaK2, GroEL2, HtpG, ClpC and GroES. Data is 
shown from iTRAQ experiment in which the quantitation value has the lowest p-value 
(derived in ProGroup) and hence is the most likely to be correct (circle: iTRAQ1, 
triangle: iTRAQ2). The area between the dashed lines represents the RV boundary 
(between ratios 1.25 and 0.75). The regulation ratio and standard deviation are 
reported in linear space. 
Figure 6.7 shows the regulation ratios of stress associated proteins in HL and LL in 
relation to ML. Levels of GroEL and HtpG did not change significantly in ML, and 
this implies that unlike HL, ML does not initiate stress in P. marin us MED4 cells. 
There was no significant relative change in GroEL2 and ClpC across the three 
different light intensities, increasing the likelihood that these proteins are not required 
in photoadaptation in this cyanobacterium. 
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Figure 6.7: The relationship between ML (medium light) phenotype and HL (high 
light) and LL (low light) phenotypes for stress related proteins: GroEL protein 
(chaperonin cpn60), molecular chaperone DnaK2 (heat shock protein), GroEL2 
protein (chaperonin cpn60 2), HtpG heat shock protein, molecular chaperone ClpC, 
and GroES protein (chaperonin cpn I 0). The value for ML is always 1 because the 
ratio of ML to ML is 1. Only the most probable (lowest p-value) quantitations are 
shown. The regulation ratio and standard deviation are reported in linear space. 
6.3. 4. 3 Other differentially regulated proteins 
Proteins not as ociated with the thylakoid membrane or stress-related proteins were 
also found to be altered by HL. The growth rate of P. marinus MED4 increased as the 
amount of light increased, and this is reflected by an increase in the FtsZ cell division 
protein. This protein initiates cell division by assembling into a cytokinetic ring on the 
cytoplasmic membrane where division occurs [371]. This protein was induced in HL 
in iTRAQl and iTRAQ2, and its expression also increased in ML for both 
experiments (Table 6.4). The increase of the putative septum site-determining protein 
MinD (PMM0321) in HL provides extra evidence for increased cell division, and 
hence growth rate. This protein ensures the septum is correctly placed during cell 
division and was identified in iTRAQ2 and found to increase 2.03-fold. 
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The carboxysome is an inclusion body found in all cyanobacteria, and several other 
microorganisms [372]. It is important for creating an elevated local C02 concentration 
[373], and contains the enzyme ribulose 1,5 bisphosphate carboxylase/oxygenase 
(Rubisco), which converts inorganic carbon to an organic form. Carbon concentrating 
in the carboxysome is an energy consuming process, and so would be expected to be 
down-regulated in LL. The structure and components of carboxysomes are poorly 
understood, and it is not clear how Prochlorococcus even transports inorganic carbon 
[278], but there are three carboxysome shell proteins in P. marin us MED4, CsoSl, 
CsoS2 and CsoS3. CsoS2 was identified in both iTRAQ experiments, and CsoSl was 
identified in iTRAQ2 only. The regulation of CsoS2 could not be calculated in 
iTRAQ 1 because only one peptide in one MS experiment was detected, and the 
technical replicates in iTRAQ2 produced contrasting results. There was a similar case 
in iTRAQ2 for CsoS 1, however the p-value of one technical replicate was zero and 
gave a 3.02-fold increase. In conclusion, the expression of these proteins remains 
uncertain. The expression of the enzyme Rubisco was not significantly different in the 
varying irradiances (Table 6.4) and therefore, it was concluded that carbon fixation 
rates did not alter. In Synechocystis, transcript levels for genes encoding components 
of the carboxysome including Rubisco, increased even after 15 hours in HL [121]. 
ABC transporter protein (PMM0710) is part of the ABC-type phosphate transport 
system, and this protein was 1.47 and 1.49-fold down-regulated in HL in iTRAQl, 
and 3.57 and 2.94-fold down-regulated in HL in iTRAQ2. This transporter protein is 
encoded by pSIS, and this gene is known to be induced under phosphate limiting 
conditions in many cyanobacteria, including P. marin us MED4 [374]. The non-
induction of PhoH-like phosphate starvation-inducible protein (PMM1284) in 
iTRAQ 1 implied that phosphate starvation was not a factor in any of the cultures. 
Therefore, how regulation ofPMM0710 levels is related to irradiance is not presently 
understood, and further investigations need to be conducted to elucidate its role. 
Carotenoids are photosynthetic pigments that play several important roles in the 
cyanobacterial cell. Not only do they trap light energy in the light harvesting 
apparatus, but they also dissipate excess light energy helping to protect the cell from 
radiation damage (Chapter 2). They also provide protection from free radicals formed 
in the cell from a variety of stress inducers. The major carotenoids in 
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Prochlorococcus are a-carotene, zeanthanin and a type of phycoerythrin [375, 376]. 
The enzyme phytoene desaturase in Prochlorococcus converts phytoene to ~-carotene 
in the zeaxanthin biosynthetic pathway. This enzyme (PMMO 144) was identified in 
iTRAQl, and was slightly increased in HL, 1.35 and 1.49-fold. An increase in 
abundance of this enzyme suggests carotenoids play a role in adaptation to HL in P. 
marinus MED4, however, further investigations will have to be undertaken to confirm 
its specific function. 
Table 6.4: Relative regulation ratios of additional important proteins 
Protein Accession iTRAQ 1 iTRAQ2 Conditions 
name no. Regulation Regulation 
ratio CV ratio CV 
HULL 1.34 0.11 1.06 0.17 
HULL 1.42 0.06 1.2 0.05 
DnaK2 PMM1704 MULL 1.58 0.17 1.32 0.06 
HULL 1.04 0.19 
ClpC PMM1088 HULL 1.22 0.15 
HULL 1.68 0.19 1.67 0.2 
HULL 1.62 0.14 1.89 0.18 
FtsZ PMM1309 MULL 1.91 0.4 1.24 0.01 
MinD PMM0321 HULL 2.03 0.14 
CsoS1 PMM0549 HULL 3.02 0.25 
HULL 0.98 0.16 1.18 0.04 
Rubisco PMM0550 HULL 0.89 0.13 0.99 0 
ABC HULL 0.68 0.09 0.28 0.1 
transporter PMM0710 HULL 0.67 0.11 0.34 0.04 
Phytoene HULL 1.35 0.08 
desaturase PMM0144 HULL 1.49 0.03 
Note: 
HL- High light at 100 fJEinsteins m2 s·\ 
ML- Medium light at 60 fJEinsteins m2 S·l 
LL- Low light at 20 fJEinsteins m2 S·l 
6.4 Conclusions 
In this chapter, the proteome of a globally significant photosynthetic bacterium was 
characterised for the first time. 184 proteins corresponding to approximately 11 % of 
the complete theoretical proteome were identified with high confidence, representing 
16 out of total 17 COG functional categories. Similar to previous studies, further 
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annotation was required for a large percentage of these proteins [67, 73]. 60% of the 
theoretical proteome in MED4 is basic, but in this study -73% of proteins identified 
were acidic. This could be a result of the sample preparation, but further studies need 
to be undertaken. A higher percentage of membrane proteins identified in this study 
compared to previous studies [67, 73] (including chapter 3) may be a result of the 
urea-based extraction buffer implemented, which can solubilise less hydrophilic 
proteins. It is interesting to see that out of 184 proteins identified, only 53 were shared 
between the two experiments. In addition, emP AI value analysis reveals that 
relatively low abundance proteins were detected in the workflow. Therefore, without 
interference from highly abundant phycobilisome proteins, similar studies on the 
proteome of MED4 have the potential to increase overall proteome coverage. 
In addition to proteome characterisation, a global proteomic perspective on the 
adaptability of P. marin us MED4 to the varying light intensities it faces in vast 
oceanic niches was sought. Increasing light intensity from 20 to 100 IlEinsteins m,2 s" 
more than quadrupled the growth rate of Prochlorococcus cells from 0.13 ± 0.01 d" 
to 0.57 ± 0.05 d". The average RV was calculated to be 5% from biological replicates 
across two separate iTRAQ experiments, and the mean CV was 0.15 and 0.21. For 
technical replicates, the mean CV was 0.11 and 0.15. This meant that 15 differentially 
expressed proteins were identified with a high degree of confidence (~25% change). 
In contrast to the proteomic studies in previous chapters, an even smaller significance 
threshold (~25% change) was set to identify differentially expressed proteins. This 
value was generated using RV and CV calculations across two iTRAQ experiments. 
By conducting two separate iTRAQ experiments using biological replicate samples, 
and technical replicates within each experiment, sufficient statistical significance was 
gained to have confidence in this threshold. 
The initial response of P. marinus MED4 cells to HL is to protect photo system related 
proteins (ca. 50% were identified), including the Pcb light harvesting complex by 
reducing their expression. This potentially avoids the absorption of excess light 
energy. Differential regulation occurred in ML, and this could be due to the role of 
changing stoichiometry of PSI and PSII in different light conditions, which has 
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previously been described at the genetic level in the cyanobacterium Synechocystis 
[121]. The increased growth rate requires elevated amounts of cell division proteins, 
for example the average 1.72-fold increase in FtsZ cell division protein. The stress 
related chaperone GroEL exhibited the largest induction in HL (2.4-fold), 
demonstrating that despite the increased growth rate in HL, constant protection is 
required against the detrimental effects. 
This study was an important addition to the thesis because it highlights the applicability 
of the methodologies developed in earlier chapters (particularly Chapter 3) to a different 
biological system. Its ability to photosynthesise and predicted high abundance means it 
plays a significant role in global nutrient cycling and climate control, both which 
warrant investigations of its environmental adaptive capabilities. Furthennore, P. 
marinus MED4 is a unique cyanobacterium which prior to this thesis work, has not had 
its proteome investigated, and by harbouring an extremely small genome (1.66 Mbp) it 
represents a promising candidate species in which a relatively high percentage of its 
proteome can be covered and quantitatively investigated in future. 
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Chapter 7: Conclusions and Future Work 
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In this thesis, proteomic techniques have been developed and applied to help answer 
microbial ecology questions, and thereby uncover the molecular adaptation 
mechanisms of three microorganisms in different environments. Proteomics was 
demonstrated to be a particularly useful tool to answer these questions because 
adaptation is a predominantly protein synthesis-dependant process. R T -qPCR 
experiments were also carried out for extra elucidation of acclimation strategies, but 
mainly to illustrate the significance of data generated at the protein level. The 
discoveries have added new insight into understanding the microbial responses to 
varying salt and light conditions, as well as uncovering a potentially unique 
halotolerant organism. In addition, the ability to reveal areas which require further 
research (Chapter 1, Figure 1.1) was demonstrated. In this chapter, the progress made 
in proteomic methodology in this thesis is summarised, and subsequently the 
adaptation discoveries made in the three different organisms is reviewed. Finally a 
discussion on future directions in this area is presented. 
7.1 Proteomics methodology 
7.1.1 Protein fractionation 
Protein extraction and fractionation methods employed in this thesis aimed to provide 
an overview of predominantly the soluble proteome. Sample preparation and 
separation using the isobaric tagging procedure (SCX) was particularly biased 
towards hydrophilic proteins, although membrane and membrane-attached proteins 
were identified (Chapters 3 and 6). In Chapter 6, it was also observed that this 
technique was predisposed to the acidic proteome. The percentage of the proteome 
covered in both Chapters 3 and 6, was similar to previous studies (11.9 and 11 %, 
respectively) [67, 73]. An alternative protein extraction buffer incorporating urea was 
used in Chapter 6, and resulted in a higher percentage of membrane protein 
identification. 2DE in Chapter 4, Part A, was limited to non-hydrophobic proteins 
with a pI range of 4 to 7 and therefore the method applied in Part Busing ID SDS-
PAGE provided superior coverage. However, 2DE did provide superior fractionation 
(one to several proteins per spot) and was required to perform a fast and efficient 
overview of the proteomic response in Euhalothece in Chapter 4, Part A. To enable 
successful visualisation of proteins using 2DE, a low-cost and easy-to-apply salt-
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removal strategy was developed and applied to the proteomic workflow (refer to 
section 1.4, 'Hypotheses, aims and scope' and Figure 4.7). 
7.1.2 Differential protein expression threshold 
The biological questions asked in this thesis consisted of revealing environmental 
adaptation mechanisms in cyanobacteria, and it has been shown that immediate 
changes to perturbations can be significantly different to changes which exist in the 
adaptive state, and importantly, changes may even be less pronounced [60, 61]. 
Therefore, quantitative techniques were required to identify important proteins which 
were differentially expressed at levels lower than the traditionally used 2-fold (100%) 
changes (refer to section 1.4, 'Hypotheses, aims and scope'). The iTRAQ technique 
was applied, and statistical analyses of protein quantitations were performed to 
calculate which proteins could be deemed to be differentially expressed with high 
confidence. The significance threshold was set by calculating the CV and RV of 
quantitations across biological replicate samples. In Chapter 3, one biological 
replicate sample was included in the experiment (115 and 116 isobaric labels), and 
using both workflows implemented gave an average CV of 20% and 32%. The RV's 
were 4% and 8.3%, and therefore a differential expression threshold of 50% was used. 
In Chapter 6, the biological replicate samples were run in two separate labelling 
experiments, and therefore values were calculated using only the proteins identified in 
both studies (n=53). CV's were lower at 15% and 21% and RV varied from 2-7%. 
Technical replicates were also run in each experiment in Chapter 6 and CV's were 
11 % and 18%. Technical variance was expected to be lower than biological variance 
[83]. This reduced variation in Chapter 6, as well as increased confidence in results 
due to incorporation of biological, technical and experimental (an identical iTRAQ 
experiment) replicates meant an even smaller threshold change was used in this 
chapter (~25%). Similar comparisons across biological replicate experiments were 
conducted in Chapter 4, where comparisons of differentially resolved, isotopic peptide 
intensities were used for quantitations. The average CV's across biological replicates 
were 9% and 10% in Parts A and B, respectively, with a RV of8% in Part B. 
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7.1.3 Proteomics of an unsequenced environmental isolate 
The homology-based proteomics approach in Chapter 4 successfully demonstrated 
that in vivo metabolic labelling together with de novo sequencing of MS data 
combined with conventional protein identification software was sufficient to identify 
proteins in unsequenced Euhalothece. The confirmation of identifications using the 
elemental constraint as well as protein characteristics based on fractionation 
methodology (Mw or pI) increased overall confidence (refer to section 1.4, 
'Hypotheses, aims and scope'). 
7.1.4 A fast and efficient 2DE methodology 
Although the studies in this thesis were directed towards achieving a global view of 
the proteome, the methodology applied in Chapter 4, Part A, demonstrated a fast and 
efficient way to gain an overview of an organism's proteome. Importantly, the 
quantitative accuracy was not renounced and metabolic labelling allows quantitation 
of proteins with 50% differential expression. 
7.1.5 Transcriptomics 
Studies in this thesis were carried out to show how information on protein abundance 
in cells can be interpreted into biological function. However, in addition to 
proteomics, RT-qPCR analysis was carried out in Chapter 3. Transcriptomics has 
been used extensively in the last decade to predict how much protein is present in 
certain conditions, however, previous reports [123-125] and the results presented here 
have shown that outcomes can contlict with proteomics data and therefore, 
measurements of proteins, the functional output of transcription and translation 
activity, is particularly useful. 
7.2 Adaptation discoveries 
The quantitative data generated in the large-scale experiments in the three organisms 
was interpreted by grouping differentially expressed proteins into functional groups, 
and therefore significant changes in the same direction could be assigned to specific 
networks. For example, the identification of a 1.80 and 1.61-fold increase in two 
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enzymes involved in murein synthesis in Synechocystis cells adapted to 6% salt 
(Chapter 3), increased confidence that cell wall biosynthesis was an important 
acclimation process. Due to improved quantitation accuracy and proteome coverage, 
novel discoveries were made, for example, the reduction in synthesis of anti-sigma B 
factor in Synechocystis cells adapted to 6% salt. Its mode of action has been described 
previously in B.subtilis [305]. The main discoveries are highlighted in this section in 
reference to the hypotheses described in Chapter 1, Section 1.4. 
7.2.1 Synechocystis and adaptation to salt 
Approximately 35% of identified proteins (378) changed significantly in expression in 
cells adapted to 6% salt compared to 0% salt, implying mass change in cell control is 
required at the protein level. To date, this level of salt stress has not been investigated 
in Synechocyslis cells. Overall, in addition to producing general and salt specific 
stress proteins, Synechocyslis cells require major diverting of carbon metabolism 
enzymes in 6% salt, and as reported previously [61], this is most likely to do with 
compatible solute (GG) synthesis. A general increase in energy demand is likely to be 
related to active mechanisms for eliminating ionic stress. A reduced amount of 
photosynthetic pigments and water-oxidising enzyme in PSII was seen, however, 
increased levels of the precursor to cytochrome bJf complex, apocytochrome f, 
implies electron flow from PSII to PSI is more active in high salt, and therefore 
formation of the transmembrane electrochemical proton gradient for energy synthesis 
is enhanced. From these results, variable stoichiometry in these complexes is evident. 
A general reduction in biosynthetic capacity seen through reduced expression of PPP 
enzymes was also predicted here. The relationship between iron usage and salt stress 
was further exemplified by reduced iron binding and transport proteins in 6% salt. 
Transcript level measurements matched protein fold differences (at 9 days) in half of 
the comparisons. The role of post-transcriptional control, predicted in previous studies 
[61, 297]. was also postulated here, including new predictions, for example, the 
control of cell division. 
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7.2.2 Euhalothece and adaptation to salt 
Euhalolhece was an interesting organism to study, because it is able to survive in an 
environment with wide variances in salinity [149], and the mechanisms employed by 
these organisms are currently under-researched. Applying global proteomic tools led 
to new discoveries and some which require further research. In 3% salt, Euhalolhece 
adopts similar mechanisms to Synechocyslis, to enable survival in 6% salt, including 
enhanced synthesis of energy through processes such as glycolysis, and use of 
enzymes to produce compatible solutes. However, distinct to Synechocyslis, increased 
generation of reducing power through PPP was revealed. In 6% salt, similarities with 
Synechocyslis were again highlighted, with reduced pigment levels (chlorophyll a, 
phycocyanin), reduced iron uptake and reliance on increased 00 synthesis. However, 
in contrast to its freshwater relative in 6% salt, energy synthesis appeared to decrease 
with reduced expression of ATPase and glyceraldehyde-3-phosphate dehydrogenase. 
When grown in the highest salt concentrations investigated (9% NaCl), similar 
functional groups changed in expression, with reduced pigments and energy synthesis. 
C02 uptake increased, which could be related to GO synthesis and elevated 
carotenoid production possibly to limit oxidative stress. Surprisingly, the role of 
regulatory protein LexA was implicated in the salt response in this microorganism, 
and a homolog for this protein in Synechocyslis does not behave in the same way. 
This implies alternative regulation sites for this protein in Euhalolhece. Perhaps most 
interesting, was the • stress-like , response, which cells showed when grown in 0% salt 
compared to 3% salt. These conditions led to increased production of molecular 
chaperones, and indicate that the resulting intracellular conditions at 0% salt are not 
favourable for some/all Euhalolhece proteins. A brief survey of the de novo 
sequenced peptides in this organism compared to less halotolerant cyanobacteria, 
indicates the possibility of an acidically biased proteome, which in tum enables 
survival in high salt environments using alternative mechanisms. The increase in 
energy synthesis in Synechocyslis cells in 6% salt is thought to drive the active 
extrusion of salt ions and this energy requirement is not reciprocated in Euhalothece 
cells in 6% and 9% salt, and may further imply a different intracellular environment 
to its freshwater relative. 
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7.2.3 Synechocystis vs. Euhalothece (adaptation to salt) 
These cyanobacteria share many common tryptic peptides as discovered in Chapters 4 
and 5. Protein abundances were compared in cells grown in the same conditions, 0, 3 
and 6% w/v salt. Although comparisons of the responses to 6% salt could be derived 
from Chapters 3 and 4, using this methodology with the exact same saline conditions 
meant significant variances would be due to evolutionary divergence, and therefore 
allowing a direct comparison of adaptive mechanisms. As expected, Euhalothece 
accumulated stress-related chaperone proteins in higher abundance in 0% salt. In 3% 
and 6% salt, the opposite was true, and it appears that the enhanced accumulation of 
these proteins in Synechocystis means this organism is more stressed than 
Euhalothece. The greater importance of energy synthesis in Synechocystis cells in 6% 
salt, was also observed. 
7.2.4 Prochlorococcus and adaptation to high light 
Strain MED4 is the smallest known photosynthetic prokaryote, and resides in a 
particularly nutrient deprived environment. Therefore it is not unexpected that subtle 
changes are the preferential response this organism performs to adapt to varying light 
intensities. Only -8% of the identified proteome in MED4 changed significantly in 
expression in HL compared to LL. It adapts to a shift to HL by reducing expression of 
photosystems-related proteins, and this is presumably to reduce absorption of excess 
energy. The increase in growth rate illustrates that surplus energy is being produced 
and consumed, despite the attempt to reduce overall energy capture. The dissipation 
of energy may occur through increased carotenoid production. Even though cells 
eventually adapt to the HL conditions, they continue to produce elevated amounts of 
molecular chaperones to protect against damage caused by excess light. 
7.3 Future directions 
7.3.1 Cellular mechanisms for further research 
A major aim in this study was to identify proteins which change significantly in 
expression between 'normal' and adverse conditions, and interpreting this information 
by categorising protein biological properties in the context of the perturbation 
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(summarised in 7.2.1 to 7.2.4). However, another aim of this study was to 
demonstrate the potential of applying proteomic techniques to environmental 
organisms in a traditional workflow (Chapter 1, Figure 1.1), and thereby highlighting 
areas for further research. 
Although many differentially expressed proteins were identified as playing important 
roles, many changes could not be interpreted into biological adaptation mechanisms 
and therefore require further investigations. For example, hypothetical protein sll1863 
increased over 10-fold in the 6% salt acclimated Synechocystis cells, but its function 
remains unknown. Differentially expressed hypothetical proteins highlight the 
capability of global proteomics as a heuristic method to identify important cellular 
components, which consequently require additional exploration. An intriguing 
example is the regulatory role of the LexA protein. This is currently being intensely 
investigated due to its recent association with controlling the bi-directional 
hydrogenase gene in Synechocystis [329, 330]. It has also been implicated as an 
essential protein for Synechocystis cells facing inorganic carbon starvation [328]. 
However, its reduced expression in high salt in Synechocystis cells is contrary to its 
increased expression in salt acclimated Euhalothece cells, and although sharing 86% 
nucleotide sequence similarity, a clear difference in functional role is apparent. It 
would be useful to look for binding sites for this protein in the Euhalothece genome, 
as well as investigating the phenotypic response of lexA mutant cells in this organism. 
In Chapter 4, Euhalothece cells required elevated amounts of molecular chaperones in 
no salt, and the reasons for this remain unknown. Initial investigations using de novo 
sequencing data imply this may be due to a salt-requiring intracellular system, but 
further investigations are required. For example, metabolite measurements 
(compatible solutes) will reveal how reliant this organism is on restoring its osmotic 
balance, and what its actual osmotic balance is. Information on the relationship 
between internal and external solute concentrations, and on the state of cell-associated 
ions within the cytoplasm would also be useful. 
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7.3.2 Proteome coverage 
The methodologies applied here were validated for quantitative accuracy and found to 
be consistent and reliable. Although comparable to similar studies in cyanobacteria, 
only 11 and 11.9% of the proteome in Synechocystis and Prochlorococcus cells were 
identified, respectively. Improvements in protein fractionation methodologies have 
improved coverage [44, 67. 377], and the ability to combine multi-level protein and 
peptide separation techniques to an iTRAQ or metabolic labelling experiment has the 
potential to reveal more detail on a cells adaptive state. iTRAQ relies on solubilising 
proteins in TEAB buffer, but if alternative chemicals are used [43, 73], which are 
confirmed not to interfere with downstream techniques and be adaptable with the 
peptide tagging technology, increasing protein coverage through analysis of presently 
insoluble proteins can be achieved. The studies conducted in this thesis were 
particularly biased towards the cytoplasmic soluble proteome and therefore 
employing unique fractionation and solubilisation techniques means insights into the 
response in different cellular compartments, including membranes and even extra-
cellular proteins can be revealed. 
7.3.3 Post-translational modifications (PTM's) 
It is important to note that protein abundance changes can only be used as an indicator 
of cellular function, and that alternative factors may be involved. In particular, PTM's 
can determine whether a protein is active, its cellular location, turnover rate and 
interactions with other proteins and nucleic acids [18]. For example, the control of 
anti-sigma B factor schematically presented in Chapter 3, Figure 3.3, requires kinase 
cascades which are either active or inactive depending on the addition or removal of a 
phosphate group. Therefore, mapping which proteins are modified requires isolation 
and characterisation, and is achievable using MS [18]. Incorporating this information 
with protein abundance data will reveal further insight into how complex control 
mechanisms aid environmental adaptation. 
7.3.4 Bioinformatics recommendations 
When dealing with large datasets of MSIMS generated data in high-throughput 
techniques such as iTRAQ, equally high-throughput analysis software must be 
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implemented to carry out protein identifications and quantitations, and three different 
types, ProteinPiiot™, Spectrum Mill and ProQuant software, were used in this thesis. 
Using different quantitative algorithms will lead to varied interpretation, for example, 
in Chapter 3, using two different software algorithms would have contributed to 
experimental variability, although overall correlation was good (Pearson correlation, r 
=0.74). With the increasing number of algorithms used to quantify large data sets, it is 
important that the methods used to calculate the final stated relative ratio is 
transparent to users. Not only is this essential to verify quantitation manually, but also 
to allow integration of multiple data sets, or simpler comparisons of inter-laboratory 
data [309]. 
All protein identifications must be verified and statistically unacceptable candidates 
(low score, one peptide) must be discarded. Manual inspection of quantitations 
including reporter ion intensity in the MSIMS scans are also performed to reveal any 
erroneous calculations, which often lead to unreliable results (with large CV's). 
Improvements would include easier interpretation of results files, and therefore reduce 
the time taken to ensure correct data mining and verification. Recently, the Paragon™ 
algorithm implemented in ProteinPiiot™ has attempted to remove the variability 
which can affect data processing, by introducing compulsory probability algorithms 
[290]. This way, less control is in the users' hands. 
In Chapter 4, quantitation of peptides required identifying high intensity, co-eluting 
isotopic peptides, and subsequent quantitation involved integrating peptide peak areas 
in TOF-MS scans over time and manually calculating peptide abundance. Together 
this is a very time consuming process. The recently released open source software, 
MSQuant, was applied in Chapter 5 and performs protein quantitation on isotopically 
labelled peptides. However, it still requires verification for each peptide pair and to 
date, contains a plethora of software glitches. In addition, this tool cannot be applied 
when proteins were identified in Euhalothece using de novo sequencing software 
combined with BLAST searches (MS BLAST). Therefore high throughput software 
which can successfully identify and quantify proteins from unsequenced organisms 
would be a major advancement for cross-species proteomics. 
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7.3.5 Systems biology 
In systems biology, a systematic investigation of all cellular components and their 
interactions is undertaken to gain a global understanding of physiology [21, 22]. 
Unravelling a systems complexity requires the integration of various data sets 
pertaining to the fields of transcriptomics, metabolomics and proteomics. The 
quantitative information on metabolites (metabolic flux analysis), mRNA and 
proteins, can be incorporated into models with the aid of bioinformatics tools, and 
thereby allow predictions of cellular responses to environmental conditions [22]. The 
proteomics data generated in this thesis has successfully presented a global 
perspective on how cells respond to perturbations in the environment, but ultimately 
they form an invaluable contribution to the bigger picture, where this technology 
would have to be complemented with associated information for a holistic view. 
Ultimately, the modelling of salt tolerance strategies can be applied to more complex 
systems, like higher plants. By modifying cellular processes, salt-susceptible plant 
species can have higher tolerance levels. Similarly, modelling the MED4 system will 
have profound implications for predicting (and modelling) climate change. Present-
day changes in environmental conditions due to climate change, for example, 
increasing oceanic temperatures and acidity, will have an impact on Prochlorococcus 
abundance, distribution and behaviour. Elucidating these alterations will produce 
significant contributions in predicting future climate changes, and could even provide 
a method for reducing atmospheric carbon dioxide levels through generating marine 
carbon sinks. 
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